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FOREWORD 


The  contract  was  conducted  under  the  direction  of  Messrs.  W.  W.  Wood, 

Chief  of  Manufacturing  Research,  and  D.  W.  Jruelock,  Manufacturing 
Research  Project  Engineer  for  the  ’/ought  Aeronautics  Division.  Those  who 
actively  participated  in  the  research  and  preparation  of  this  ~eport  were: 
Messrs.  J.  R.  Russel^,  and  J.  A.  Fouse,  Manufacturing  Research  Engineer 
Specialists;  Q.  R.  Di Giacomo,  and  C,  M.  Phelan,  Manufacturing  Research 
Engineers;  F.  R.  Sivley,  Manufacturing  Engineering  Aide;  and  R.  E.  Duval, 
Materials  Engineer. 
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This  final  Technical  Report  covers  the  work  performed  under  Contract 
F33615-67-C-1179  from  1  December  1966  through  30  November  1968,  The  report 
was  released  by  the  authors  on  15  December  1968  for  publication. 

This  contract  with  the  Vought  Aeronautics  Division  of  LTV  Aerospace 
Corporation,  P.0.  Box  5907,  Dallas,  Texas,  75222,  was  initiated  under 
Manufacturing  Methods  Project  9-133,  "High  Velocity  Forging".  It  was 
accomplished  under  the  technical  direction  cf  Mr.  William  T,  O’Hara, 

MAT?,  of  the  Manufacturing  Technology  Division,  Air  Force  Materials 
laboratory,  Wright- Patterson  Air  Force  Base,  Ohio. 
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This  project  has  been  accomplished  as  part  of  the  Air  Force  Manufacturing 
Methods  Program,  the  primary  objective  of  which  is  to  implement,  on  a 
timely  basis,  manufacturing  processes  and  techniques  for  use  in  economical 
production  of  USAF  materials  and  components.  The  program  encompasses  the 
following  technical  areas : 

Metallurgy  -  Rolling,  Forging,  Extruding,  Drawing,  Casting,  Powder 
Metallurgy,  Composites 

Chemical  -  Propellants,  Plastics,  Textile  Fibers,  Graphite, 

Fluids  &  Lubricants,  Elastomers,  Ceramics 
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Electronic  -  Solid  State,  Materials  &  Special  Techniques,  Thermionics 

Fabrication-  Forming,  Material  Removal,  Joining,  Components 

Suggestions  concerning  additional  Manufacturing  Methods  projects  required 
on  this  or  other  subjects  will  be  appreciated. 
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ABSTRACT 


Tide  is  a  manufacturing  methods  program  to  investigate  the  dynamic  response 
of  selected  aerospace  alloys  deformed  by  upset  forging  from  room  tempera¬ 
ture  to  195 rfF  at  impact  strain  rates  from  quasi-static  (100  in/in/sec,  ) 
to  8000  in/ in/sec.  This  was  accomplished  in  two  phases.  Phase  I  incited 
the  selection  and  the  ambient  temperature  forging  of  ten  representative 
aerospace  materials  to  evaluate  the  effects  of  strain  rate  on  material 
forgeability  and  to  select  four  of  the  most  responsive  materials  for 
extensive  testing  at  elevated  temperatures.  In  Phase  II,  the  four  selected 
materials  ve re  forged  at  varying  combinations  of  strain  rate  and  temperature 
to  determine  the  conditions  for  optimum  forgeability  and  mechanical  pro- 
pex'ties  including  tensile  yield,  tensile  ultimate,  elongation,  hardness  and 
fatigue.  This  report  covers  a  period  of  eighteen  mirths  and  ie  divided 
into  five  sections:  Introduction,  Technical  Backg.  and,  Test  Materials, 
Phase  I  Roes?)  Temperature  Screening,  and  Phase  II  Elevated  Temperature  Test¬ 
ing. 


This  document  is  subject  to  special  export,  controls  and  each  transmittal  to 
foreign  nationals  may  be  made  only  with  prior  approval  of  the  Advanced 
Fabrication  Techniques  Branch,  Manufacturing  Technology  Division,  Air  Force 
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SECTION  I 


INTRODUCTION 


The  dynamic  response  of  metal  alloys  deformed  under  very  high  loading  rates 
has  attracted  special  interest.  In  some  instances,  improvements  in  the 
workability  as  well,  as  the  mechanical  properties  of  the  finished  part  can 
only  be  attributed  to  the  fact  that  during  deformation  the  material  is 
subjected  to  high  sustained  strain  rate 

In  the  high  energy  iiiract  forging  process,  velocity  is  substituted  for  mass 
to  raeidly  impart  high  levels  of  energy  to  the  workpiece  both  in  terms  of 
shock  loading  and  rapid  deformation. 

The  specific  objective  of  this  program  was  to  determine  the  effect  of  forg¬ 
ing  velocity  (strain  rate)  on  the  ductility  and  toughness  for  a  representa¬ 
tive  group  of  alloys  in  a  temperature  range  from  ambient  to  1950° F. 

The  test  program  was  accomplished  in  two  phases  In  Phase  I,  ten  selected 
alloys  were  investigated  over  the  zero  to  8000  in/in/sec  strain  rate  range  for 
a  determination  of  the  overall  dynamic  effects  on  representative  alloy  systems. 

In  Phase  II,  four  of  the  ten  alloys  were  tested  in  greater  detail  by  in¬ 
creasing  the  number  of  impact  velocities  as  well  as  varying  the  amount  of 
deformation  at  each  velocity  and  forging  temperature  The  effect  of  tempera¬ 
ture  in  the  forging  process  and  material  response  to  post  forming  heat  treat¬ 
ment  was  investigated. 
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SECTION  II 


TECHNICAL  background 


Static  Forging 


Forging  Pressure 

A  cylindrical  billet  upset  between  two  parallel  plntea  develops  a  non- 
uniform  pressure  disti ^ouL^on  across  ita  surfaces.  The  pressure  distribu¬ 
tion  at  any  time  during  che  unset  will  depend  on  the  follcviog: 

(1)  The  original  height  and  diameter  of  -he  billet 

(2)  The  instantaneous  height  at  the  time  under  consideration 

(3)  The  original  flow  stress  cf  the  material  and  Jts  strain  hardening 
characteristics 

(4)  The  frictional  forces  generated  at  „Lo  interfaces  during  defor¬ 
mation 

neglecting  barreling,  and  risking  the  usual  assumptions  of  the  theory  of 
plasticity,  a  useful  though  non-rigorous  equation  is  shown  in  equation  1, 
Appendix  IV.  This  equation  was  used  to  estimate  the  peak  die  loads  expected 
in  static  forging  and  to  provide  a  basis  fo**  understanding  the  mechanical 
factors  involved.  Illustrations  of  typica-  otitic  pressure  distribution  are 
shown  in  Figures  1  and  ?. 


h  = 


^!i 
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(R  -  r 


FIGURE  i.  TYPICAL  PRESSURE  DISTRIBUTION  ON  A  'CYLINDRICAL  BILLET 

FOR  OP  «  10,000  PSI,  -*c  •  ASSURING  ZXRO  STRAIN  HARDENING 


Distance  from  Center  (la.) 

FIGURE  2.  TYPICAL  PRESSURE  DISTRIBUTION  ON  A  CYLINDRICAL  BILLET 
FOR  VARIOUS  VALUES  OF-*  (CT0  -  10,000  LSI  ) 

The  peak  preseure  occurs  at  the  center  of  the  billet  where  r  =  o 
Hmx)  -  %  ^  ^ 


The  minimur  die  pressure  occurs  at  the  edge  where  (r  ■  R)  and  P  (min)  *  , 

Friction 


It  ie  evident  that  the  primary  result  of  interface  friction  is  the  generation 
of  a  pressure  gradient  through  the  specimen .  The  choice  of  /<  =  .2  in  Figures 
1  and  2  was  cceapietely  arbitrary.  In  actual  roots  temperature  upsetting  using 
a  good  lubricant,  values  of 'H.  are  probably  less  than  .0?  based  on  the  appear¬ 
ance  of  the  billet  surface  after  deformation .  Good  lubrication  is  evidenced 
by  a  smooth  appearance  o+'  the  billet  surface.  Sticking  (a  term  used  to 
signify  an  absence  cf  sliding)  of  the  inne’*  area  of  the  face  due  ic  poor 
lubrication  is  illustrated  in  Figure  3. 

It  has  been  shown  at  at  some  critical  value  of-H  ,  relative  sliding 

will  not  occur  and 'upset  takes  place  by  the  process,  of  shear  deformation 
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Good  Lubrication 
-H  <(  .  0  y 


Foor  Lubricatico 
O  >  -*C  >.0p 


FIGURE  3.  SURFACE  APPEARANCE  AFTER  FORGING 

within  the  billet.  In  general,  sticking  can  occur  when  the  frictional  force 
is  high  enough  to  cause  shear  flow.  Under  these  conditions  the  relation 
d  O'r/dr  =  dp/dr  (equation  2,  Appendix  I")  is  no  longer  valid.  It  can 
be  corrected  by  re -eve  ‘ -rating  the  distortion -energy'  equation  for  a  hydro¬ 
static  pressure  equal  to  the  normal  pressure  P  and  a  superimposed  shear 
stress  j-  =  -*<  P.  Under  these  conditions  yielding  will  occur  when 

f  =  -577  °q  {■«  =  o77) 

and  the  equation  for  pressure  distribution  becomes  a  linear  function 
P  K  <r0 

The  conditions  resulting  in  combined  sticking  and  sliding  (illustrated  In 
Figure  3)  are  especially  useful  in  evaluating  lubricants.  The  lubricant 
selected  for  this  program  provides  a  lew  frictional  coefficient  for  all 
program  materials  with  no  visual  evidence  of  sticking. 

Die  Deflection 


As  a  result  of  the  pressure  rise  in  tne  center  of  the  billet,  a  significant 
deformation  of  tije  anrils  ran  occur  as  shown  in  Figure  4. 


Anvil 


FIGURE  4.  AlfVlL  DEFLECTION  IN  UPSET  FORGING 

The  center  and  edge  deflecticeis  can  be  derived  in  term-’  of  the  forging 
variables.  The  mxiasuai  deflection  at  the  center  of  the  billet  is: 

D  S  Cl  -..Y2A  R  cr  txgjJhU 
2  E  °  l  HI  ! 

L  2  h  _J 

v 

mere:  -  Poisson' a  ratio 

2  -  ElttBtic  Modulus 
tr0  -  Yield  Strength  of  Billet 

The  effect  of  die  deflection  is  difficult  tc  assess  in  terms  of  pressure 
distribution  (note:  rigid  tooling  was  a  necessary  simplifying  assumption  in 
developing  the  pressure  distribution  equations;.  From  sample  calculations 
using  the  equation  for  lie  deflection,  values  of  D  on  the  order  of  .003 
inches  are  reasonable  for  the  hl^h  strength  materials  as  shown  in  Figure  [>, 

In  practice,  this  information  is  most  useful  i.a  predicting  the  part  toler¬ 
ances  and  in  the  design  of  tooling  relative  to  the  se?  ctlon  of  the  die 
uiateriala  and  heat  treat  requirements . 
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FIGURE  >  DIE  EBTLECXIGM  ©1  VS  COEFFICIENT  CP 

FRICTION^)  FOR  VARIOUS  STRENGTH  HftTEhjAUS 

The  moat  probable  result  of  die  deflection  with  regards  to  material  ductility 
is  a  reduction  in  forgeability  limits  since  the  frictional  forces  leading  to 
shear  deformation  or  "sticking"  of  the  surface  layers  of  the  billet  are 
increase —  Hilo  condition  is  illustrated  in  Figure  t. 


Strain  Hardening 


The  equal lone  for  pressure  distribution  (equation  4,  Appendix  IV  }  and  forg¬ 
ing  forre  (equation  5  Append  Lx  IV  J  show  the  yi«l&  stress,  c r"0,  as  a  constant 
Although  this  ia  a  reasonable  assumption  for  elevated  teiaperature  forging, 
serious  deviations  will  occur  at  room  temperature  upae*a  above  20  t„  J0$. 

The  flow  curve  can  be  approximated  by  the  expression. 


CL  !  Ke 


where  n  is  the  strain  hardening  coefficient .  An  increase  in  the  value  of  th 
material  constant  (c)  will  have  a  similar  effect  on  the  forging  force  and 
pressure  distribution,  a«  an  increase  in  the  coefficient  of  friction  and/o* 
the  R/h  ra+io.  This  becoass  evident  substituting  Kea  in  the  equation  for 
forging  pressure  shown  in  Figure  1. 


P 


=  K  e 


f* 


2  A* 
h 


(R  -  r) 


Temperature  Rise 

As  a  material  undergoes  plastic  defcnoat'on,  heat  is  generated  internally. 
Approximately  of  the  work  expended  is  converted  into  heat.  Because  of 
the  variation  in  the  quantity  of  heat  required  to  produce  a  unit  change  in 
temperature  (thermal  capacity)  for  diffex’ent  metals,  there  is  a  considerable 
difference  in  the  temperature  rise  exhibited  by  different  alloys  deformed 
equal  amounts.  Calculations  for  the  adiabatic  temperature  rise  for  the 
program  mate,.-al8  are  shown  in  Table  1. 

Isothermal  conditions  obtained  only  at,  very  low  strain  rates  arid  under 
favorable  heat  transfer  conditions  are  usually  not  obtained  In  "static" 
tensile  or  compressive  testing.  Uuier  normal  press  forging  conditions  at 
room  temperature,  the  temperature  rise  from  plastic  work  ia  sufficient  to 
offset  the  Increase  in  flow  stress  due  to  r-*.o.in  baldening .  This  type  of 
strain  rate  effect  is  *.  Vwusly  less  significant  at  elevated  temperature. 

High  Energy  Impact,  Forging 


Forging  Force 

A  cylindrical  billet  In  high  speed  compressive  deformation  is  subjected  to 
dynamic  forces  due  to  the  Inertia  of  the  deforming  material.  These  forces 
act  over  a  long  time  span  as  compared  to  time  required  for  the  plastic 
shock  waves  to  dissipate.  During  the  initial  portion  of  deit.rnatioc,  the 
Inertial  forces  are  directed  toward  the  center  of  the  billet  and  give  rise 
to  a  compressive  radial  stress. 

The  magnitude  of  the  inertial  forces  at  any  time  will  depend  oo  the  follow¬ 
ing: 

(1)  The  projectile  velocity 

(2)  The  deceleration  of  the  projectile 
(j)  The  density  of  the  test  material 
(4)  The  instantaneous  billet  geometry 

( ■;  ’  7h  ■  -v;rt  -uiar  locrtior.  ' the  bi  •  i et  under  consideration 
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The  radial  forces  acting  on  a  unit  element,  assuming  a  constant  projectile 
velocity,  are  shown  in  Figure  6. 


Frictional^ _ 

Force 


(a)  Static  (v  *  o) 


(b)  Dysnmic  (v  »  o) 


dfrr  .  2JL  .  .  2j_  -  P  L  «i_Vr  .  i  vr\ 

dr  h  dr  h  \  T  i  r  f  J 


FIGURE  o.  MF ARISON  0?  STATIC  /HD  UYHAKIC 

BQUmaRIUN  STRESS  DISTRIBUTION 

The  magnitude  i  c- )  of  the  dynamic  pressure  effect  at  the  center  of  a  cylin¬ 
drical  billet  is  illustrated  in  Figure  7- 

This  estimate  shews  the  center  pressure  to  be  twice  the  static  value  at  a 
velocity  of  T7!>  ft/*tc. 

The  numerical  value  of  tne  pressure  (P)  at  ter.  velocity,  assuming  0  coeffi¬ 
cient  of  friction  (■-*<  «  -O'.,),  is  given  by: 

P max  ■  ^"c  e  1  *  l^4,iXX-  osi 


rr+  *  20,000  pal 

P*  .256  lbs/in3 
R/h  *  10 


FIGURE  7.  VARIATION  OF  MAXIMUM  PRESSUJE 
WITH  PROJECTILE  VELOCITY 


In  this  example  tbe  value  <r_  (yield  strength  In  simple  tension)  Is  assumed 
constant.  The  value  of  er0  is  known  (3)  to  be  dependent  on  strain  rate. 

Since  the  flow  stress  Increases  significantly  with  Increasing  strain  rate 
for  most  materials  and  the  effect  of  strain  hardening  has  not  been  considered, 
a  value  of  P  on  the  order  of  2  to  3  hundred  thousand  psl  could  reasonably  be 
expected  at  775  ft/sec  for  the  material  and  billet  geometry  shown  In  Figure  7* 


From  a  material  forgeability  standpoint,  the  inertial  forces  are  of  greater 
significance  near  the  end  of  the  forming  sequence.  Aft  the  projectile  veloc¬ 
ity  approaches  zero  the  test  material  Is  flowing  outwiurd  at  a  high  radial 
velocity.  At  some  point  in  the  process,  the  inertial  force  initially 
directed  toward  the  center  of  the  billet  must  reverse  and  appear  as  an  out¬ 
wardly  directed  tensile  stress.  Ibis  important  aspect  of  impact  forming  is 
discussed,  in  detail  under  "Strain  Rate  Effects". 


Shock  Wave  Effects 

Many  instances  of  metallurgical  changes  occurring  as  a  direct  result  of  the 
passage  of  a  high  energy  shock  wave  have  been  reported.  For  most  of  the 
experimental  work  in  this  area,  high  explosives  have  been  used  to  generate 
the  high  impact  pressures  obtained.  Although  the  mechanisms  Involved  are 
presently  the  subject  of  much  research  effort,  several  types  of  changes  have 
been  considered: 

(a)  Phase  transformation  of  some  component  of  the  alloy  system  as,  for 
example,  the  alpha -gamma  transformation  in  carbon  steel. 
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(b)  Ordinary  deformation  mechanisms  that  can  occur  In  a  very  short  tine 
Interval  such  as  the  formation  of  mechanical  twins  and  slip  bands. 

(c)  Miscellaneous  effects  such  as  grain  distortion  and  precipitation. 

The  importance  of  shock  wave  effects  under  the  conditions  that  exist  In  this 
program  will  depend  on  two  factors:  (l)  the  pressure  magnitude  developed  In 
the  shock  and  (2)  Its  time  duration.  The  magnitude  for  peak  pressure  in  an 
iron  to  iron  Impact  at  2000  ft/  sec  is  roughly  l.l6  X  10®  pal{80  kilobara). 
This  is  at  the  low  end  of  the  velocity  spectrum  usually  studied  using  explo¬ 
sives  and  the  upper  limit  for  the  present  program.  Although  the  observable 
changes  in  the  metal  structure  diminish  at  lower  shock  wave  pressures,  some 
experimenters  in  this  field  place  considerable  significance  on  the  effect  of 
the  initial  shock  impulse  on  subsequent  deformation  even  in  the  lower  veloc¬ 
ity  regime. 

Figure  8  shews  the  relationship  between  Impact  velocity  and  the  initial 
pressure  in  the  shock  wave  (4). 
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FIGURE  8.  IMPACT  PRESSURE  VS  IMPACT  VELOCITY  FOR 
All  IRON  TO  IRON  IMPACT 
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Strain  Rate  Effect* 


In  order  to  arrive  at  a  meaningful  comparison  between  various  high  velocity 
impact  forging  processes,  it  is  necessary  to  use  parameters  which  have  a 
common  effect  on  each  process.  The  present  Industrial  practice  of  rating 
these  processes  by  ram  velocity  alone  leaves  much  to  be  desired  for  several 
reasons.  Impact  velocity  influences  deformation  directly  with  respect  to 
shock  effects  and  the  subsequent  influence  on  the  forming  process,  but  It 
must  be  considered  with  respect  to  both  gage  length  and  geometry  of  the 
forging  billet.  At  a  point  within  the  billet,  local  effects  will  be  deter¬ 
mined  by  the  strain  rate  at  that  point.  In  addition,  the  billet  geometry 
will  determine  the  dynamic  forces  throughout  the  billet  and  alter  the  flow 
and  stress  fields. 

As  a  result  of  these  considerations,  it  may  be  seen  that  intact  velocity  must 
be  considered  in  combination  with  other  factors  to  arrive  at  a  satisfactory 
solution  to  the  comparison  of  results. 

Strain  rate,  which  is  a  point  function  within  the  field  of  the  billet,  may 
be  used  as  a  measure  of  local  deformation  and  may  be  related  satisfactorily 
to  other  variables  with  respect  to  material  properties.  Unfortunately,  the 
general  field  mechanic  equations,  which  describe  material  flow,  have  not  as 
yet  yielded  a  general  solution  that  can  be  used  with  strain  rate  to  develop 
a  rigorous  evaluation  of  the  dynamic  billet  mechanics.  Thus,  it  is  neces¬ 
sary  to  formulate  a  scheme  whereby  these  processes  may  be  compared.  Since 
flow  fields  should  be  similar  for  billets  of  the  Bame  geometry,  it  is 
reasonable  to  assume  a  one-to-one  linear  relationship  between  corresponding 
points  so  that  the  processes  could  be  compared  by  means  of  external  or  sur¬ 
face  boundary  parameters.  However,  it  should  be  remembered  that  variations 
in  such  parameters  as  friction  and  strain  hardening  will  invalidate  this 
correspondence  to  some  degree.  Under  these  assumptions  it  becomes  feasible 
to  evaluate  and  compare  forging  processes  based  on  average  strain  rate  which 
is  generally  defined  as  the  product  of  the  relative  velocity  of  the  ram  or 
die  faces  and  the  reciprocal  of  their  distance  at  any  time  during  the  defor¬ 
mation.  If  two  billets  are  then  deformed  by  equal  amounts  with  similar 
velocity  profiles  (velocity  vs.  distance),  meaningful  comparisons  of  differ¬ 
ent  materials  will  be  possible.  Neglecting  differences  in  the  dynamic  forces, 
this  comparison  may  be  extended  to  billets  of  various  sizes  provided  it  is 
made  on  the  basis  of  initial  average  strain  rate,  equal  percentages  of 
deformation  and  similar  velocity  profiles. 

Average  strain  rate  during  forming  is  affected  by  both  the  velocity  profile 
and  the  deformation  as  shown  by  the  relationship  of  variables  in  the  follow¬ 
ing  equation. 


€;=  «  ^U) 


(l^JHo 


where 


6/  =  average  strain  rate  (instantaneous) 

v(h)  =  velocity  profile 

h  =  instantaneous  billet  height 
H0  =  initial  billet  height 

£  -  engineering  strain  (instantaneous) 
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It  Is  apparent  that  the  average  strain  rate  will  remain  constant  only  for 
a  velocity  distribution  which  is  a  linear  function  of  the  instantaneous 
billet  height.  This  would  require  either  100£  deformation  of  the  billet 
or  a  discontinuous  velocity  profile  (one  which  instantaneously  drops  to  zero). 
Obviously  neither  of  these  conditions  can  be  attained  in  a  normal  forging 
operation.  In  addition,  the  forging  force  normally  increases  with  defor¬ 
mation  due  to  such  factors  as  friction,  work  hardening,  and  surface  area 
growth  thus  increasing  the  ram  deceleration.  Consequently,  unless  the  initial 
velocity  profile  has  a  negative  slope  greater  than  Vo/Ho,  the  average  strain 
rate  will  exceed  the  initial  strain  rate.  This  effect  is  illustrated  in 
Figure  9  which  shows  the  resultant  strain  rate  profiles  for  typical  veloc¬ 
ity  profiles.  This  effect  is  especially  important  for  extreme  deformations 
since  most  of  the  ram  deceleration  occurs  in  the  latter  portion  of  the 
deformation  due  to  increased  billet  area  and  effects  of  friction  as  well 
as  increases  in  flow  stress  due  to  higher  strain  rates. 

Another  important  factor  to  be  considered  is  the  effect  of  billet  aize  on 
forging  forces  and  on  the  stresses  produced  by  the  dynamics  of  the  forming 
process.  As  the  billet  geometry  changes,  the  relative  velocities  of  the 
boundaries  also  change.  Assuming  the  billet  volume  remains  constant,  the 
boundary  velocities  are  defined  by  a  relationship  such  that  the  sum  of  the 
products  of  the  velocity  of  each  face  and  its  respective  area  remains  con¬ 
stant.  Tills  relationship  also  holds  for  the  accelerations.  At  high  defor¬ 
mations  this  means  that  the  free  portions  of  the  billet  may  have  a  velocity 
much  higher  than  the  ram  velocity.  Since  maximum  deceleration  of  the  ram 
occurs  in  the  latter  portion  of  forming,  fracture  will  be  initiated  in  same 
cases  due  to  the  dynamic  stresses  within  the  material,  nils  must  be  con¬ 
sidered  when  comparing  billets  of  similar  geometry  and  different  sizes. 

If  the  initial  strain  rates  are  equal  and  equal  deformations  occur,  higher 
ram  velocities  must  be  used  on  the  larger  billet.  This  resultB  in  higher 
acceleration  of  corresponding  points  in  the  larger  billet,  which  also  has  a 
greater  mass,  and  produces  greater  dynamic  stresses.  Consequently,  similar 
results  cannot  be  expected  if  large  scale  changes  occur,  and,  in  some 
instances,  the  applicability  of  high  strain  rate  forming  may  be  limited  by 
the  size  of  tne  billet. 

In  order  to  accomplish  an  effective  study  of  high  velocity  Impact  forging 
on  various  materials,  it  is  necessary  to  hold  the  variations  in  process 
parameters  to  a  minimum.  Thus,  it  becomes  necessary  to  hold  strain  rate 
profiles  uniform  within  a  reasonable  allowable  deviation.  Since  differences 
in  flow  stress,  friction  effects,  and  strain  rate  effects  eliminate  this 
possibility  with  direct  ram  forging,  it  is  desirable  to  control  ram  velocity 
by  a  method  which  is  independent  of  the  material  being  deformed.  For  this 
program,  this  is  accomplished  by  deforming  a  secondary  material  simultaneously 
with  the  billet  under  study.  The  majority  of  the  ram  energy  will  be  consumed 
by  the  secondary  material,  allowing  a  large  degree  of  independence  from  the 
billet  under  study.  In  production  applications,  some  form  of  damping  could 
be  used,  especially  in  the  reduction  of  peak  strain  rates. 
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Adiabatic  Heating 

The  heat  generated  by  high  speed  deformation  produces  effects  not  encoun¬ 
tered  In  the  low  strain  rate  regimes  associated  with  press  forging  and 
static  tensile  testing.  The  amount  of  heat  generated  is  proportional  to 
the  mechanical  work  expended  during  deformation.  The  work  per  unit  volume 
is  given  by  the  product  of  the  average  stress  applied  and  the  maximum 
principal  strain.  Neglecting  variations  in  average  stress  due  to  strain 
rate  effects,  the  amount  of  heat  generated  fbr  a  given  amount  of  deformation 
Is  constant. 

The  temperature  rise  is  given  by  the  equation: 

AT  -  CT-g  - 

778.2 p  SH 

where:  AT  =  Temperature  Increase 

<T  =  Average  flow  stress 
e  =  Maximum  principal  strain 
-  Material  density 
Sji  *  Specific  heat 

Values  for  the  adiabatic  temperature  increase  for  the  Phase  I  materials 
upset  to  50 strain  are  listed  in  Table  1. 


TABLE  1.  ADIABATIC  TEMPERATURE  INCREASE  FOR  PHASE  I  MATERIALS 


Material 

msmm 

Material 

AT  @  £  =  0.5 
(*F) 

A1  2024-0 

44.3 

A -286 

122 

A1  7075-0 

55.5 

18£  Ni 

123 

T1-5A1-2.5  Sn 

300 

TZM  Moly 

254 

T1-6A1-4V 

310 

Rene '  41 

226 

PH  15-7  Mo 

222 

L-605 

190 

1 
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The  effects  that  adiabatic  heating  will  have  cn  material  behavior  under 
high  energy  Impact  condition?  depend  to  a  large  extent  on  the  deformation 
mechanics  of  a  particular  material.  Materials  with  a  large  number  of 
active  slip  systems  would  be  expected  to  show  a  comparatively  uniform 
temperature  distribution  throughout  the  specimen.  Although  a  detail  sunnary 
of  the  extensive  research  effort  in  the  area  of  metallurgy  dealing  with 
adiabatic  heating  and  associated  strain  rate  effect  is  beyond  the  scope  of 
this  program,  examples  may  be  cited  to  illustrate  the  variety  of 
material  behavior  that  can  occur.  For  example,  it  has  been  shown  that  most 
materials  have  a  temperature  range  of  reduced  ductility,  as  shown  in  Figure 
10.  This  is  attributed  to  intergranular  rupture  arising  from  excessive  grain 
boundary  shearing. 


FIGURE  10.  DUCTILITY  VS  TEMPERATURE  UNDER 
LOW  STRAIN  RATE  CONDITIONS 

If  this  decrease  in  ductility  is  the  result  of  grain  boundary  precipitation 
of  a  brittle  phase,  then  increasing  the  strain  rate  in  that  temperature 
range  would  improve  the  ductility,  since  deformation  would  occur  prior  to 
the  precipitation  reaction.  Adverse  effects  due  to  localized  adiabatic 
heating  can  also  occur  when  a  low  melting  point  second  phase  is  present  in 
the  alloy  structure. 
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The  Influence  of  Temperature  and  Strain 
Rate  on  the  Coefficient  of  Friction  {M  ) 

Introduction 

Literature  research  in  this  area  is  difficult  for  several  reasons  not  the 
least  being  that  friction  is  usually  regarded  as  a  contributing  factor  in 
the  various  metalworking  processes  and,  as  such,  may  not  be  mentioned  in 
report  abstracts.  In  addition,  x/  is  usually  calculated  by  different  in¬ 
direct  methods,  depending  on  the  process,  such  that  the  numerical  values 
obtained  cannot  be  correlated  with  respect  to  temperature  and  strain  rate 
effect  without  correction  factors  related  to  the  individual  process  con¬ 
dition.  Experimental  work  where  is  investigated  without  regard  to  process 
applications  is  usually  done  under  stringent  laboratory  conditions  that  can¬ 
not  be  obtained  in  production  situations.  With  these  qualifications,  an 
order-of -magnitude  quantitative  evaluation  may  be  obtained  that  is  sufficient 
for  the  purposes  of  this  program. 

Hydrodynamic  Lubrication 

In  all  processes  involving  large  plastic  deformation  the  machine  designer 
concentrates  on  maintaining  a  continuous  lubricant  layer  between  the  tools 
and  the  workpiece.  The  physical  properties  of  the  lubricant  other  than  its 
shear  strength  are  of  prime  importance  in  this  respect.  For  upset  forging 
the  lubricant  may  fail  after  a  certain  amount  of  deformation,  as  shown  in 
Figure  11,  due  to  the  fact  that  at  this  deformation  the  thickness  of  the 
lubricant  film  is  not  sufficient  to  separate  the  sliding  metal  surfaces. 

The  Effect  of  Friction  on  Grain  Flow 

The  analysis  of  friction  based  on  the  methods  of  Schreader  and  Webster  (l) 
shows  that  sliding  will  occur  up  to  a  value  of  */  =  .577.  If  this  critical 
value  exists  over  the  surface  of  the  billet,  deformation  will  be  concentrated 
in  the  material  near  the  surfaces,  and  will  radically  alter  the  grain  flow 
pattern,  as  shown  in  Figure  12. 

Effect  of  Temperature  on  the  Lubricant 

There  is  experimental  data  (  5 )  showing  that  lamellar  solids  such  as  graphite 
fail  to  provide  lubrication  when  applied  to  heated  billets  or  dies  above 
550°F.  if  this  lubricant  is  applied  to  cold  dies,  good  lubrication  is 
obtained  for  titanium  billets  up  to  1400° F  range  under  low  strain  rate  forg¬ 
ing.  This  is  illustrated  in  Figure  13 . 
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FPFECT  OF  FRICTION  ON  GRAii'i  FLCW  AT  LOW  STRAIN  RATES 


EFFECT  OF  TEMPERATURE  ON  GRAPHITE  LUBRICANT 


Effect  of  Temperature  on  Friction  (M  ) 

Studies  in  a  number  of  different  hot  metalworking  processes  (  5 )  involving 
bulk  plastic  deformation  show  a  general  qualitative  agreement  for  the  effect 
of  temperature  on  the  frictional  coefficient  although  the  calculated  values 
differ  somewhat.  Figure  j  4  shows  the  temperature  effect  for  mild  steel  and 
aluminum. 


FIGURE  TEMEERAj^JKE  EFFECT  CN  FRICTION  PCR  UNLUBRICATED  MATERIAL 


Effect  of  Strain  Rate  on  Friction 

The  frictional  coefficient  is  dependent  on  the  strain  and  strain  rate  as 
shown  in  Figure  l...  The  two  highest  strain  rates  show  that  -y  is  indepen¬ 
dent  of  the  amount  of  strain  up  to  the  30-40^  range  where  the  lubricant  film 
is  no  longer  thick  enough  to  separate  the  metal  surfaces.  Since  the  forging 
force  required  to  produce  a  given  amount  of  deformation  is  constant,  and  from 
the  fact  that  lubricant  failure  occurred  at  a  larger  deformation  for  the 
higher  strain  rate,  it  is  reasonable  to  assume  that  less  lubricant  was 
"squeezed  out"  at  the  higher  strain  rate. 
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SECTION  III 
TEST  MATERIALS 


Vendor  Data 

A13  of  the  test  materials  were  purchased  through  normal  procedures  and  are  re¬ 
presentative  of  currently  available  stock.  The  materials  were  ordered  to  the 
appropriate  specification  for  unset  forging.  For  all  alloys  other  than  alumi¬ 
num,  snecif icati ons  requiring  vacium  induction  melting  and/or  vacuum  con¬ 
sumable  electrode  arc  melting  in  the  primary  processing  were  used.  The  molybden- 
num  alloy  (TZM),  was  ordered  arc-cast,  extruded  and  recrystallized.  The  chemi¬ 
cal  compositions  compiled  from  vendor  supplied  certified  test  reports  are  pre¬ 
sented  in  Appendix  I,  Table  III.  Certified  test  data  for  mechanical  properties, 
material  specif i cations,  and  miscellaneous  heat  treat  information  are  given  in 
Appendix  I,  Table  IV. 


Material  Processing 

Billet  Identification 

In  order  to  maintain  'Traceability,"  individual  billets  were  given  iden¬ 
tification  numbers  composed  of  a  letter  designating  the  alloy  and  a  number  to 
distinguish  the  different  billets  received  for  each  material-  Table  V,  Appendix 
I,  lists  the  billet  identification,  materials  and  type  of  tests  performed. 

Billet  Inspection 

Upon  receipt,  the  measured  dimensions  of  each  billet  were  verified  against  the 
purchase  or  ler  and  the  vendors  test  report.  Ultrasonic  inspection  was  used  to 
inspect  nach  material  for  internal  defects. 

Control  Specimen 

A  one  half  inch  length  of  material  was  removed  from  the  erd  of  each  billet 
at  the  time  of  the  initial  identification.  This  control  specimen  was  steel 
stamped  with  the  letter  "C"  in  addition  to  the  billet  identification  and 
placed  in  storage 
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SECTION  IV 


PHASE  I  AMBIENT  TEMPERATURE  MATERIAL  SCREENING 


Introduction 


In  Phase  I,  ten  selected  alloys  were  investigated  over  the  strain  rate  range 
from  static  to  8000  in/in/sec  at  room  temperature.  The  material  behavior  in 
large  plastic  deformation  was  tested  as  a  function  of  upsetting  speed.  The 
two  main  areas  of  material  behavior  considered  were;  (l)  forgeability  and 
(2)  as-forged  mechanical  properties.  The  ten  materials  selected  for  in¬ 
vestigations  in  this  phase  of  the  program  were: 


2 02 4 -aluminum 
7075 -aluni nun 
Ti-pAl-2. 5Sn 
T1-6A1-4V 
17-4  PH  steel 
A-280  steel 

l8£  Ni  maraging  steel  (Vascomax  300 ) 
TZM  molybdenum  alloy 
Rene’  4l  super  alloy 
L-605  super  alloy 


Forgeability  Evaluation 


Introduction 


Forgeability  was  tested  by  the  standard  upset  method  wherein  a  cylindrical 
bj llet  is  upset  between  parallel  plane  surfaces  until  failure  by  metal  sepa¬ 
ration  occurs  in  the  billet. 

For  this  program  the  diameter  and  height  (one  inch  each)  of  all  billets  were 
made  equal  with  the  exception  of  a  small  number  of  aluminum  specimens  as  noted 
in  the  test  data. 

Experimental  Plan  -  The  plan  for  investigating  the  effect  of  forming  speed  on 
forgeability  was  to  upset  a  series  of  billets  for  a  particular  material  to 
increasing  amounts  of  deformation,  using  a  given  projectile,  until  a  failure 
limit  was  reached.  This  test  was  then  repeated  for  a  number  of  different  ram 
projectiles  such  that  the  net  effect  of  deformation  rate  on  ductility  was  ob¬ 
tained.  All  other  factors  that  influence  the  failure  limit,  such  as  lubri¬ 
cant  and  surface  finish,  were  held  constant.  Figure  15  shows  a  typical  test 
series  for  varying  degrees  of  deformation. 


The  ram  velocity  change  between  points  c  and  d  is  small  in  relation  to  the  slope 
of  the  limit  line,  therefore  strain  rate  effects  over  this  interval  can  be 
neglected. 
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FIGURE  15.  TYPICAL  UPSET  TEST  SERIES 


Energy  absorbing  rings  were  used  as  part  of  the  test  machine  to  provide  a 
nearly  constant  projectile  deceleration  for  the  various  materials  tested.  A 
second  consideration  was  that  without  the  use  of  bumper  rings  the  testing 
of  brittle  materials,  capable  of  absorbing  only  small  amounts  of  energy, 
would  be  limited  to  very  low  velocities  even  with  the  lightest  practical 
projectile  design.  Other  alternative  experimental  plans  were  prohibitive 
from  a  program  scope  standpoint.  The  mild  steel  bumper  rings  were  machined 
to  the  same  height  as  the  billet  with  the  inside  and  outside  diameters 
varied  to  adjust  for  the  amount  of  excess  energy  in  a  given  test  condition. 

In  all  tests  the  inside  diameters  of  the  rings  were  sufficiently  large  to 
prevent  contact  with  the  billet  during  upset  as  shown  in  Figure  16. 
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Bumper  rings  were  not  used  on  the  1. 5  inch  diameter  specimens  for  both  of 
the  aluminum  alloys.  As  is  evident  from  Figure  16  ,  most  of  the  projectile 
energy  goes  ir.to  plastically  deforming  the  ring  because  of  its  larger  volumn. 
Using  this  technique,  the  instantaneous  values  of  ram  velocity  during  upset 
are  practically  independent  of  the  material  being  tested. 

Equipment  Used 

The  static  upset  testing  was  accomplished  using  a  production  hydraulic  press 
fitted  with  a  special  tool  designed  to  transfer  the  load  to  the  work  piece  through 
replaceable,  hardened  die  inserts.  The  ram  speed  was  controlled  manually  with 
the  aid  of  an  extensometer.  A  nominal  ram  speed  of  four  inches  per  minute  was 
used.  The  detailed  description  of  this  equipment  is  given  in  Appendix  VI. 

Dynamic  upset  tests  were  performed  using  a  compressed  gas  high  velocity  pro¬ 
jectile  mechanism  also  discussed  in  Appendix  VI.  The  projectile  (moving  ram) 
and  the  anvils  for  this  program  were  fabricated  of  4340  tool  steel  hardened 
to  Rockwell  C-50.  The  projectile  and  anvil  faces  were  ground  to  a  finish  on 
the  order  of  20  RMS.  Three  basic  projectile  designs  were  used  as  shown  in 
Figure  17-  For  low  velocity  shots  requiring  high  energy,  sectional  projectiles 


Hollow 


Solid 


FIGURE  17.  PROJECTILE  CONFIGURATIONS  USED 


weighing  up  to  120  lbs  were  used.  High  velocity  tests  required  the  use  of 
hollowed  projectiles  in  order  to  obtain  the  necessary  velocity  and  energy  com¬ 
bination. 


Data  Acquisition 

The  raw  data  generated  by  these  test3  is  as  follows: 

(l)  Specimen  Number  -  Each  specimen  is  identified  by  a  five  digit  num¬ 
ber  as,  for  example,  B3-004.  The  first  two  characters  identify  the 
type  of  material  and  the  particular  bar  from  which  the  specimen  was 
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cut.  The  example  given  identifies  the  fourth  specimen  (-004) 
cut  from  7075  aluminum  (B)  bar  (3). 

(2)  Projectile  weight  -  (W)  pounds 

(3)  Gas  Gun  Fire  Pressure  (P0)  psi 

(4)  Projectile  Imuact  Velocity  -(VD)  -  This  is  the  measured  velocity 

of  the  projectile  in  ft  /sec.  at  a  point  on  the  barrel  approximately 
six  inches  from  the  point  of  impact. 

(5)  Initial  Billet  Height  -  (h^)  inches 

(6)  Final.  Billet  Height  -  (Hf)  inches 

(7)  Temperature  -  All  of  the  Phase  I  tests  were  performed  at  ambient 
temperature. 

(8)  Failure  Observation  -  after  upset,  each  specimen  was  cleaned  and 
visually  inspected  for  surface  cracks.  The  specimens  were  classi¬ 
fied  as  good,  incipient,  or  fractured.  The  term  incipient  is 
used  in  two  senses;  (l)  in  the  usual  sense  to  denote  a  small  crack 
or  cracks  and  (2)  to  indicate  that  a  very  slight  reduction  in  de¬ 
formation  would  have  produced  a  good  part  regardless  of  the  severity 
of  the  fracture. 

(9)  Photographs  -  Photographs  of  representative  specimens  are  presented 
with'  each  forgeability  limit  plot  in  order  to  show  the  various 
types  of  fracture  obtained. 

Results 


The  raw  and  processed  data  for  Phase  I  forgeability  testing  are  presented  in 
Appendix  II,  Graphs  1  through  10  and  Appendix  III,  Table  VII. 

In  the  forgeability  graphs,  ductility  is  plotted  in  terns  of  engineering  strain 
vs.  the  strain  rate  at  impact.  Strain  and  initial  strain  rate  are  calculated 
as  follows: 

€  =  Ho  -  Hf  x  100  and  de  =  0  =  V0 
Ho  dt  Hq 

These  values  are  listed  in  the  tables  as  well  as  the  kinetic  energy  of  the 
projectile  at  impact.  The  energy  is  calculated  from  the  weight  and  velocity 
of  the  projectile  as  shown  by  the  following  equation. 

WV  2 

K.E.  =  0 

64. 4 

All  Phase  I  materials  with  the  exception  of  the  molybdenum  alloy  (TZM)  ware 
found  to  exhibit  significant  ductility  at  room  temperature  over  the  program 
strain  rate  range  from  0  to  8000  in/in/sec.  Analysis  of  the  processed  data 
suggests  an  empirical  classification  based  on  the  strain  rate  response  of 
the  test  materials  as  shown  in  Figure  18. 
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Strain  Rate  Vq/H0  (in/in/sec  X  10“3) 


Strain  Rate  (in/in/sec  X  10“3) 


FIGURE  18  .  CLASSIFICATION  OF  PHASE  I  MATERIALS 
RASED  ON  DYNAMIC  RESPONSE. 


27 


The  predominant  feature  of  the  deformation  vs.  strain  rate  limit  curves  is 
the  pronounced  change  in  behavior  that  occurs  for  all  materials  with  the 
possible  exception  of  L-605,  at  strain  rates  in  excess  of  1000  in/in/sec. 

The  ductility  limit  of  L-605  is  for  all  practical  purposes  independent  of 
strain  rate.  The  recovery  of  ductility  exhibited  by  Rene*  hi,  A-286,  17-4  PH, 
and  Vasccmax  300  at  the  high  strain  rates  is  significant  from  the  standpoint 
of  developing  processes  for  small  parts. 

Mechanical  Properties  Evaluation 
of 

Material  Upset  Forced  at  Room  Temperature 

Introduction 

The  purpose  of  this  segment  of  the  program  was  to  investigate,  under  controlled 
conditions,  the  effect  of  forging  rate  on  the  final  mechanical  properties  of 
a  broad  cross-section  of  metal  alloys. 

The  mechanical  properties  being  considered  were  hardness,  yield  strength, 
ultimate  strength,  modulus,  and  one  inch  elongation.  These  mechanical  pro¬ 
perties  were  measured  at  room  temperature  using  as-forged  specimens. 

Experimental  Plan 

Rased  on  the  room  temperature  forgeability  test  results,  eight  of  the  ten  Phase  I 
materials  were  selected  for  mechanical  properties  evaluation  as  shown  in  Figure  19  . 


CALCULATED  TEST  CONDITIONS 

Material 

1 

Intermediate  *e=(4000) 

High  *e  =(8000) 

Chmbr.  Pres. 

Proj.  Wt. 

Chmbr.  Pres. 

2024-0  A1 

BHi 

HS39H 

150 

7.  48 

225 

EH 

230 

12 

465 

7075-0  A1 

35 

175 

7.48 

235 

65 

XsHaMi 

260 

12 

480 

Titanium 

15 

Cl.  3 

170 

18.9 

175 

r  17-4  ph 

20 

Cl.  3 

155 

A-286 

35 

57.5 

320 

23.8 

300 

50  . ... 

51-5 

320 

15 

420 

Vascomax  300 

20 

18.9 

175 

9-7 

225 

Rene’  4l 

25 

.  67-3 _ 

245 

9.2 

370 

T.-0OR 

20 

9-7 

235 

35 

Bn 

18.9 

390 

FIGURE  19  .  EXPERIMENTAL  TEST  PLAN 


I 


29 


The  two  materials  not  listed  (Titanium  6a1-4v  and  TZM)  were  not  sufficiently 
ductile  at  room  temperature  under  high  velocity  conditions  to  permit  enough 
upset  for  a  meaningful  evaluation. 

In  order  to  evaluate  the  effect  of  deformation  rate  on  as-forged  mechanical  pro 
parties,  bar  shaped  test  specimens  (V1  x  x  4-jj,")  were . cut  from  round  stock 
as  shown  in  Figure  20. 


FIGURE  20.  BILUET  LOCATION  IN  BAR  STOCK 

The  individual  bar  specimens  were  assigned  numbers  and  identified  by  steel 
stair  pin:',  prior  to  being  removed  from  the  round  stock.  In  addition,  their 
lccatior  in  the  stock  material  was  recorded,  hardness  tests  were  performed 
on  billet  specimens  token  from  both  the  center  and  edge  areas  of  the  bar  stock. 
Representative  photomicrographs  were  made  for  each  material  in  the  as-received 
sta  tc. 

The  next  step  ir.  the  experimental  test  plan  was  to  upset  the  specimens  accord¬ 
ing  to  the  predetermined  conditions  listed  in  Figure  19  .  The  test  sequence 
is  illustrated  in  Figure  21  . 

i’rc .  Im.inary  testing  sl  owed  that  two  mild  steel  bumper  bars  of  the  same  di¬ 
mensions  as  the  test  billet  were  required  to  absorb  the  excess  projectile 
energy  for  tests  ?r.  the  *1000  in/in/sec  strain  rate  range.  The  specimen  was 
toped  tightly  between  the  bumper  bars.  Although  the  projectile  face  was  flat, 
the  fixed  anvil  was  ground  with  a  transverse  slot  .012"  x  1.55"  to  insure  that 
the  specimen  and  bars  remained  in  contact  during  passage  of  the  initial  elastic 
shock  wave.  The  placement  of  the  test  piece  on  the  fixed  anvil  is  shown  in 
Figure  22 
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FIGURE  21  .  FABRICATION  OF  STATIC 
TENSILE  TEST  COUPON 


FIGURE  22  .  FIXED  ANVIL  SHOWN  WITH 

SPECIMEN  IN  FORGING  POSITION 

Projectile  weight  and  fire  pressure,  as  listed  in  Figure  19  ,  were  determined 
from  preliminary  bumper  bar  tests  and  by  making  use  of  the  gas  gun  performance 
curves  shown  ir.  Figure  lU6 ,  Appendix  VII. 
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ASTMS  Standard  sub-size  tensile  specimens  were  cut  from  the'  center  portion  of 
the  upset  billots  to  the  dimensions  shown  in  Figure  21 . 

The  last  step  in  the  experimental  plan  was  the  tensile  and  hardness  test¬ 
ing  by  standard  test  methods.  Modulus  was  calculated  from  load  deflection 
curves  recorded  over  the  initial  portion  of  the  tensile  test. 

Equipment  Used 

The  equipment  used  for  bar  upsetting  at  low  and  high  velocities  was  the  same 
as  that  used  for  upsetting  cylindrical  billets.  This  equipment  is  discussed  in 
detail  in  Appendix  VI . 

Data  Acquisition 

The  primary  data  for  mechanical  properties  evaluation  is  presented  in  two 
different  tables.  In  Table  VII ,  Appendix  III,  entitled  High  Strain  Rate  Ductility 
Results  for  Fnase  I  Specimens,  raw  data  including  specimen  number,  projectile 
weight,  gas  chamber  pressure,  initial  specimen  height,  final  specimen  height  and 
temperature  and  calculated  data  including  impact  velocity,  strain  rate,  kineti c 
energy  and  percent  reduction  is  recorded.  The  recorded  data  in  Table  VIII, 
Appendix  HI,  entitled  Phase  I  Tensile  Properties  of  Forged  Specimens,  includes 
tensile  yield,  tensile  ultimate,  percent  elongation,  hardness  and  modulus. 

The  strain  rate  at  impact  (£0)  was  calculated  from  the  projectile  velocity  (V0) 
and  the  specimen  height  (Ho)  ,  as  given  in  Table  VII.  Values  from  the 
tensile  test  data  are  plotted  against  initial  strain  rate. 


Results 


The  effect  of  strain  rate  on  tensile  ultimate,  tensile  yield  and  elongation  are 
demonstraJ  ed  by  the  curves  in  Graph  44  ,  Appendix  II.  The  results  of  the 
mechanical  properties  tests  for  all  Phase  I  materials  are  summarized  in  Table  II  . 
In  general  the  program  materials  show  increased  strength  and  ductility  as  the 
strain  rate  is  increased.  For  2024-0  aluminum,  A-286  and  L-605  there  is  a 
appreciable  increase  in  yield  and  ultimate  strength  with  no  loss  in  ductility. 

For  four  materials  7075-0  Al,  Ti  5Al-2.5Sn,  Vascomax  300  and  17-4  PH  the 
final  mechanical  properties  are  seen  to  be  independent  of  the  strain  rate, 
within  experimental  limits.  Rene'  41,  while  showing  a  10,000  psi  and  a  5,000 
psi  increase  respectively  in  yield  and  ultimate  strength,  suffers  a  ductility  de¬ 
crease  of  approximately  2. 5  percent. 


Introduction 


Metallurgical  Data 


The  primary  objective  of  the  tests  conducted  in  this  part  of  the  program  was  to 
provide  additional  information  that  might  aid  in  explaining  the  dynamic  be¬ 
havior  experimentally  established  previously  in  the  forgeability  and  t Ye  as- 
forged  mechanical  properties  investigation. 
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TABLE  II .  STRAIN  RATE  EFFECTS  ON  THE  AS -FORGED 

MECHANICAL  PROPERTIES  AT  ROOM  TEMPERATURE 


Material 


2024-0 

Aluminum 

35 

65 

7075-0 

35 

Aluminum 

65 

T1-5A1-2. 5Sn 

15 

A -286 

35 

50 

17-4  PH 

20 

Vascornax 

300 

20 

Reue'  41 

25 

L-605 

20 

35 

Def.  Hardness 


I 


D(L)-Laige  Decrease 
D  -Decrease 
D(S) -Slight  Decrease 


Property 


I  -Increase 
NC-No  Change 
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Four  methods  of  obtaining  information  on  the  metallurgical  level  were  used: 

(l}  Standard  Photomicrographs 

(2)  Electron  Photomicrographs 

(3)  X-Ray  Diffraction 
( i* )  Fhotomacrographs 

The  first  two  methods  are  useful  in  showing  basic  changes  in  the  deformation 
mechanisms  by  which  plastic  flow  occurs.  The  third,  x-ray  diffraction,  is  an 
accurate  method  of  finding  minute  differences  in  the  atomic  spacing  below 
the  level  of  direct  observation  and  was  used  in  this  investigation  to  examine 
the  atomic  lattice  for  residual  elastic  strain.  The  fourth,  photcanacrographs, 
are  required  to  examine  the  grain  flow  aspects  of  the  problem. 


Photomicrographs 


Specimens  selected  for  examination  were  taken  from  the  Phase  I  test  program 
therefore  are  for  conditions  of  room  temperature  upset  with  no  subsequent  heat 
treatment.  As  can  be  seen  from  the  data  given  with  each  photomicrograph,  strain 
(the  amount  of  upset  deformation)  is  constant  for  a  given  material  with  strain 
rate  variable. 


Photomicrographs  were  made  at  three  different  sectional  views  for  each  specimen. 
For  a  given  material,  strain  rates  corresponding  to  static,  intermediate  (approx¬ 
imately  5000  per  sec)  and  high  (approximately  8000  per  sec)  were  examined.  These 
data  are  presented  in  Figures  107  thru  126  ,  Appendix  V- 


The  view  direction  in  relation  to  the  billet  geometry  and  the  impact  direction 
is  given  in  Figure  23  below. 


View  No.  1  View  No.  2 
Normal  View  Normal  View 
Near  Canter  Near  Edge 


View  No.  5 
Longitudinal  View 


:OURE  23.  PHOTOMICROGRAPH  VIEW  DIRECTIONS 


Electron  Photomicrographs 


The  electron  photomicrographs  of  Figure  2k  ,  show  a  typical  area  within  a 
grain  boundry  of  specimen  no.  Jl-009.  The  approximate  location  is  noted  on  the 
photomicrograph  in  Figure  125,  Appendix  V  and  shows  slip  bandB  present  in  the 
L-605. 


Specimen  no, :  Jl-009 
Direction:  View  no.  4 
Magnification:  6000X 
Strain:  35»0^ 

Strain  rate:  7010  (l/sec.) 


Specimen  no, :  Jl-009 
Direction:  View  no.  4 
Magnification:  20,000X 
Strain:  35. 0$ 

Strain  rate:  7010  (l/sec.) 


FIGURE  24.  ELECTRON  PHOTOMICROGRAPHS  OF  L-605 
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X-Ray  Diffraction 


The  data  presented  in  this  section  were  obtained  for  three  specimens  of 
A-286  stainless  deformed  to  a  constant  3 5$. deformat ion  by  upset  forging  as 
shown  in  Figure  25. 


0  2  4  6  8 


Strain  Rate  (in/in/sec  X  10“3) 

FIGURE  25.  MATERIAL  PROPERTIES  DATA  FOR  SPECIMENS  USED 
IN  X-RAY  DIFFRACTION  TESTS 


The  X-ray  target  area  used  was  located  outside  of  the  gage  length  as  indicated 
in  Figure  26. 


Direction 


FIGURE  26.  TARGET  AREA  FOR  X-RAY  DIFFRACTION 
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Preliminary  tests  were  made  using  different  spectrometer  target  materials.  A 
portion  of  the  spectra  using  iron  (K^wave  length  of  1.937 A0)  for  two  speci¬ 
mens  of  A-286  are  shown  in  Figure  27  . 

The  corresponding  peaks  from  three  x-ray  spectra  are  shown  in  Figures  28  ,  29  > 
and  30 .  In  each  case  chromium  radiation  was  used  to  investigate  the  effect  of 
strain  rate  on  the  crystal  plane  spacing  of  one  material  (A-286)  which  had  pre¬ 
viously  been  deformed  by  a  constant  amount  (approximately  35$)  at  three  strain 
rates. 

Photomacrographs 

Photographs  were  taken  showing  the  Grain  flow  pattern  for  l8$  Ni  maraging  steel 
and  for  7075-aluminum.  Static  and  high  strain  rate  upsets  show  a  marked  diffi- 
rencc  in  flow  as  is  evident  in  Figures  31 ,  32  ,  and  33  •  The  marked  difference 
in  edge  geometry  in  relation  to  the  grain  flow  pattern  for  the  two  strain  rate 
regimes  may  also  be  noted. 

Results 


The  as-i‘orged  grain  structure  of  specimens  deformed  under  static  conditions 
was  compared  to  that  of  specimens  upset  at  strain  rates  in  the  5000  and 
«0C0  per  second  ranges.  The  overall  results  based  on  the  seven  materials 
investigated  were  negative.  No  indication  was  found  of  any  visual  differences 
between  the  worked  grains  relative  to  the  strain  rate.  In  addition  the 
electron  photomicrographs  of  one  material,  L~605,  showed  usual  slip  banding 
at  magnifications  of  6,0^fx  and  20,000x.  On  the  basis  of  these  results  it 
is  concluded  that  the  final  microstructure  is  independent  of  strain  rate. 

This  does  not  include  effects  that  may  occur  in  post  forming  heat  treatment.  . 

X-ray  diffraction  patterns  of  specimens  of  A-286  stainless  steel  using  Fej^ 
radiation  as  well  as  Crx^  radiation  are  presented  in  Figures  27  through  30  . 

In  the  case  of  Fe^radiation  patterns  made  from  specimens  Fl-016  and  Fl-011 
corresponding  to  strain  rates  of  zero  and  8000  in/in/sec.  respectively  are 
shown.  CrK,c  patterns  made  from  Fl-016,  Fl-003  and  Fl-011  corresponding  to 
zero,  5000  ir./in/sec.  ,  and  8000  in/in/sec.  respectively  are  shown. 

Gince  a  stress  free  specimen  of  the  material  was  not  available  the  actual 
amount  of  stress  in  each  case  could  not  be  determined.  However  it  can  be 
seen  that  (l)  the  K«c  doublet  is  resolved  in  the  pattern  corresponding  to 
zero  strain  rate,  (2)  the  K„  doublet  is  not  resolved  for  either  5000  in/in/sec. 
or  for  8000  in/ln/sec. ,  and  (3)  the  peak  width  is  broader  for  8000  in/in/sec. 
than  for  5000  in/in/sec.  strain  rate.  In  order  to  analyze  the  resolved 
doublet  in  (l)  above  an  idealized  unresolved  peak  is  constructed  assuming  a 
pure  gaussian  distribution.  Comparison  of  peak  width  for  the  three  specimens 
then  indicates  that  as  strain  rate  increased  the  residual  stress  also  in¬ 
creased. 


The  grain  flow  patterns  shown  in,  Figures  31  and  32  illustrate  the  most 
significant  strain  rate  effect  observed  during  this  investigation.  In 


X-Ray  Intensity 
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FIGURE  29.  PEAK  FOR  SPECIMEN  Fl-003 


FIGURE  30.  Cr**  PEAK 

h. 


i 


SPECIMEN  Fl-Olx 


Billot 


Spec.  No. 
Mag. 

Strain 
Strain  Rate 


Sec-1 


i 


FIGURE  31. 


GRAIN  FLOW  PATTERNS  FOR  VASCOMAX  300  (18*  Ni  MAJAGINO  STEEL) 

UPSET  AT  ROOM  TH4EERATORE 
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FIGURE  33. 


tained  at  low  strain  rates  only  under  very  special  conditions.  In  conven¬ 
tional  forging  a  concave  edge  geometry  is  obtainined  with  good  lubrication 
and  by  operating  the  dies  at  a  higher  temperature  than  the  part.  In  this 
case  the  effect  is  easily  explained  by  the  lower  yield  strength  of  the 
heated  material  in  contact  with  the  die  faces.  In  high  velocity  upsetting 
the  flow  field  is  influenced  by  factors  such  as  adiabatic  heating,  velocity 
effect  on  friction,  strain  rate  effects  on  the  material  yield  strength, 
and  inertial  forces  in  the  specimen.  As  yet  there  is  not  sufficient  data 
to  support  a  theory  explaining  this  phenomenon.  Strain  distributions  for 
the  various  test  conditions  are  shown  in  Figure  34. 


Discussion  of  Results 


The  test  results  of  the  Phase  I  investigation  show  that  the  forging  process 
is  not  limited  in  strain  rate  because  of  adverse  material  response  for  many 
high-use  alloys.  The  behavior  of  aluminum,  specifically,  suggests  an 
lmpxovement  in  forgeability  for  alloys  in  which  alloying  elements  are  solu- 
able  or  exist  as  a  highly  dispersed,  coherent  second  phase  at  the  forging 
temperature. 

The  highly  desirable  changes  in  grain  flow  that  can  be  attributed  to  improve¬ 
ment  in  lubricating  action  with  increasing  strain  rate  as  shown  in  Figures  31, 
32  and  33  result  in  a  more  homogeneous  distribution  or  residual  strain  energy 
which  is  of  vital  iraprotance  in  post-forming  heat  treatments  involving  re¬ 
covery  and  recrystallization.  X-ray  defraction  results  for  A-286,  show  that 
for  specimens  deformed  a  constant  amount  at  static,  5000  and  8000  in/ in/sec 
strain  rates  exhibit  increasing  residual  strain  as  the  strain  rate  is  in¬ 
creased. 

The  as-forged  tensile  test  results  shown  in  Table  II,  together  with  x-ray 
and  photomicrographic  examination  strongly  support  the  conclusion  that 
there  is  significant  structural  improvement  to  be  gained  by  the  use  of  high 
strain  rates  in  upset  forging. 


STATIC  STATIC 


static  high  strain  RATE 

LOW  FRICTION  AT  room  TEMP. 

DIE  TEMP.>PART  TEMP. 


FIGURE  3^.  STRAIN  DISTRIBUTION  FOR  VARIOUS  PROCESS  CONDITIONS 
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SECTION  V 


PHASE  II  COMBINED  EFFECT  OF  TEMPERATURE  AND 
HIGH  STRAIN  RATE  IN  UPSET  FORGING 


^introduction 


In  this  phase,  four  materials  were  selected  from  the  ten  alloys  of  Phase  I 
for  detailed  investigation.  The  alloys  selected  were: 

2024  aluminum 
Ti-5Al-2.5Sn 
17-4  PH 
A-286 

The  material  behavior  in  large  plastic  deformation  was  tested  as  a  function 
of  strain  and  strain  rate  over  the  temperature  and  strain  rate  ranges  from 
room  temperature  to  1950°F  and  static  to  8000  in/in/sec  respectively.  The 
two  principal  areas  considered  were:  (l)  forgeability  and  (2)  as-forged 
mechanical  properties. 

In  addition  to  the  establishing  of  forgeability  limits  over  the  defined 
temnerature  range,  a  small  number  of  tests  were  performed  using  a  high  strain 
rate  optical  extensometer  recently  developed  by  the  Ling-Temco-Vought  Corp. 
Instantaneous  values  of  velocitv,  strain  rate  and  forging  force  were  obtained 
during  the  deformation  event  using  this  system. 

The  as-forged  mechanical  properties  portion  of  the  program  was  expanded  to 
include  the  effect  of  temperature  and  strain  rate  on  the  tensile  and  fatigue 
properties  in  both  as-forged  and  post  heat  treated  conditions.  Supplementary 
information  was  orovided  by  metallographic  data  from  selected  specimens. 


Forgeability  Evaluation 


Introduction 


Forgeability  was  evaluated  by  the  method  of  cylindrical  billet  upset  between 
parallel  plane  surfaces  with  one  surface  moving  at  a  controlled  velocity. 

The  forgeability  limit  was  measured  by  the  percent  reduction  that  could  be 
obtained  under  the  various  test  conditions  prior  to  failure  by  metal  separa¬ 
tion  at  the  surface  of  the  specimen. 

The  two  objectives  of  the  forgeability  tests  were  (l)  to  determine  the  net 
combined  effect  of  high  impact  velocities  and  forging  temnerature  on  the 
ductility  or  forgeability  limit  and  (2)  to  establish  a  basis  for  selecting 
test  temperatures  at  which  meaningful  as-forged  mechanical  properties  data 
could  be  obtained. 


Experimental  Plan 


The  basic  experimental  plan  for  evaluating  the  combined  effect  of  strain  rate 
and  temperature  on  forgeability  follows  that  used  in  Phase  I  for  investigating 
the  strain  rate-ductility  relation  at  room  temperature  (see  Figure  19). 

In  this  Phase,  a  series  of  cylindrical  billets  for  each  projectile  weight  and 
forging  temperature  were  deformed  to  establish  the  ductility  limit.  The 
billets  were  upset  to  sucessive  amounts  of  deformation  using  one  impact  on 
each  billet  until  a  fracture  occurred. 

In  the  Phase  II  testing,  all  of  the  projectile  energy  was  absorbed  by  the 
test  billet.  This  test  condition  differs  from  Phase  I  in  that  the  energy 
absorbing  rings  shown  in  Figure  16  were  not  used. 

A  series  of  forging  temperatures  were  selected  based  on  the  known  low  speed 
ductility  of  the  four  materials  as  shown  in  Figure  35  . 


Material 

Forging 

Temperature 

°F 

Material 

Forging 

Temperature 

•F 

2024-0 

R.T.,  350 
550,  750 

17-4  PH 
Austinlzed 

550,  950 

1350,  1550 
1750,  1950 

Ti  5Al-2.5Sn 

R.T.,  750, 
1050,  1350, 
1550,  1750 
1950 

A-286 

R.T.,  550, 

750,  950 

1350,  1950 

FIGURE  35  .  TEST  TEMPERATURES  FOR  PHASE  II  FORGEABILITY  EVALUATION 

The  strain  rate  or  ram  velocity  range  for  this  phase  was  originally  set  to 
extend  from  static,  using  the  hydraulic  press  to  an  upper  limit  of  4000  sec"1. 
Because  of  severe  die  quenching  in  the  initial  press  forging  tests,  this  static 
series  was  replaced  by  drop  hammer  upsetting.  The  revised  strain  rate  range 
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thus  extended  from  50-5000  in/in/sec  which  in  the  case  of  a  one  inch  high 
billet  requires  ram  velocities  from  approximately  4-400  ft/sec.  Within  this 
range  three  different  projectiles  weighing  64,  15,  and  5  pounds  were 
selected  as  the  best  compromise  with  respect  to  velocity  and  energy  for  the 
four  program  materials.  Thus  for  each  forging  temperature  the  test  schedule 
called  for  establishing  the  limit  at  four  different  strain  rates  with  an 
anticipated  total  of  100  to  150  individual  test  specimens  per  material. 


A  detailed  discussion  of  the  test  equipment  is  presented  in  Appendix  VI  . 
Special  tooling  used  with  the  hydraulic  press  and  the  drop  hammer  are  shown 
in  Figures  128  ,  129  >  130  &  131-  The  method  of  measuring  the  drop  hammer  ram 
velocity  is  shown  in  Figure  132  .  All  high  velocity  tests  utilized  the  LTV 
high  energy  impact  machine  as  shown  in  Figures  133  and  134  ,  with  the  auto¬ 
matic  billet  heati'ng  and  loading  mechanism  illustrated  in  Figures  135  through 
138. 

Procedures 

The  therma]  history  of  the  forgeability  specimens  prior  to  upset  followed 
usual  forging  practice.  Aluminum  2024,  Ti-5Al-2. 5dn,  and  A-286  were  heated 
directly  to  the  forging  temperature  and  allowed  to  soak  for  approximately 
10  minutes.  The  PH  stainless  steel  alloy  17-4  PH  was  heated  to  l800°F 
to  obtain  the  single  nhasc  structure.  This  was  accomplished  using  a  pre¬ 
heat  furnace  from  which  the  specimen  was  transfered  to  the  mechanized  billet 
furnace  and  allowed  to  cool  to  desired  forging  temperature  before 
upset. 

Data  Acquisition 

The  raw  data  generated  In  the  forgeability  tests  are  listed  as  follows: 

A.  Drop  Hammer  Unset  Tests 

(!)  Snecimen  dimensions  -  original  height  (Ho),  final  height  (Hf). 

(P)  Time  for  the  moving  ram  to  travel  1"  at  impact  (at). 

(3)  Forging  temperature  of  the  billet  as  measured  in  the  furnace  (°F). 

B.  High  Velocity  Impact  Tests 

(1)  Specimen  dimensions  (Ho,  Hf). 

(2)  Cannon  fire  nressure  and  -projectile  weight. 

(3)  Forging  temperature  (furnace  temp.  °F) 


C.  Visual.  Inspection  Data 

(l)  Surface  condition  and  edge  shape  of  the  forged  billet. 

(?.)  Type  and  severity  of  failure.  The  specimens  were  evaluated  as 

either  cood,  incipient  fracture,  or  fractured.  As  in  the  Phase  I 
evaluation,  the  term  incipient  fracture  is  used  to  denote  the 
presence  of  a  small  crack  or  in  the  brittle  failure  conditions,  to 
indicate  that  a  slight  reduction  in  deformation  did  produce  a  good 
specimen. 


D.  Photographs 

Representative  photographs.  Figures  73  through  106,  Appendix  H  , 
were  made  of  selected  specimens  upset  to  reductions  below  and  above  the 
forgeability  limits  for  the  various  test  conditions  of  temperature  and 
strain  rate  and  shown  with  the  corresponding  limit  curves. 

Results 


The  forgeability  limits  are  plotted  from  the  data  listed  in  Table  XI  ,  Appendix 
TFT  .  Percent  of  unset  (Ho-Hf)/Ho  x  100  is  plotted  against  the  initial  impact 
strain  rate. 

de/dt  =  fe  =  Vo/Ho 

Vo  -  Impact  projectile  velocity 
Ho  -  Initial  billet  height 

Composites  of  the  forgeability  limit  curves  at  the  various  test  temperatures 
for  the  four  Phase  II  materials  are  shown  in  Figures  38,  40,  42  and  44. 

Test  temneratures  for  evaluating  the  combined  effect  of  temperature  and  strain 
rate  on  the  final  mechanical  properties  were  selected  from  the  forgeability 
limit  vs.  temperature  curves  shown  in  Figures  37 »  39,  4l  and  43*  The  two  tempera¬ 
tures  selected  as  most  useful  in  production  forging  are:  (1)  the  hot  forging 
temperature  with  an  optimum  combination  of  reduced  material  resistance  to 
Plastic  flow  and  maximum  ductility  and  (2)  the  highest  warm  forging  tempera¬ 
ture  at  which  the  billet  may  be  held  for  prolonged  times  without  atmosphere 
protection  and  at  which  the  material  has  reasonably  good  plasticity. 

Under  these  conditions,  forging  temperatures  for  bar  specimen  upset  preparatory 
to  subsequent  tensile  and  fatigue  properties  evaluation  were  selected  as  shown 
in  Figure  36  . 


Material 

Forging  Temperature 

Maximum 
Deformation 
Allowed  d) 

Warm 

.Hot 

Aluminum 

2oe4 

550 

750 

50 

Titanium 

5Al-2.5Sn 

1550 

1950 

25 

17-4  PH 

1550 

1950 

4o 

A-206 

1050 

1950 

50 

FIGURE  36  -  FORGING  TEMPERATURES  FOR  MECHANICAL  PROPERTIES  EVALUATION 
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i  Temperature  ( ’ F } 

FIGURE  39.  THE  EFFECT  OF  TEMPERATURE  OH  FOB5FABIXXT 

LIMIT  AT  VARIOUS  STRAIT?  PATES  FOR  Ti-5-  L-2.  5S.n 


'A  IV 
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Strain  Rate  V0/j^  (in/in/sec  X  10"3) 

FIGURE  42.  THE  EFFECT  OF  STRAIN  RATE  ON  FORGRAHELITI 
LIMIT  AT  R.T.  TO  1950°F  FOR  17-4  PH 


Energy  Requirements 


Introduction 


A  first  approximation  for  the  forging  energy  as  a  function  of  strain  rate  can 
be  obtained  by  comparing  the  projectile  energies  required  to  cause  a  given 
amount  of  deformation  at  several  different  strain  rates.  Because  of  the  fact 
that  the  required  forging  energy  increases  rapidly  with  the  amount  of  strain, 
and  since  the  projectile  velocity  (initial  strain  rate)  must  be  increased 
to  produce  larger  amounts  of  energy,  it  would  require  a  large  number  of 
projectiles  of  different  weights  to  maintain  a  constant  amount  of  strain 
while  varying  the  strain  rate.  Using  three  different  projectile  weights 
and  performing  a  sufficient  number  of  tests  to  establish  the  energy  vs 
deformation  curve  for  each  projectile,  test  material,  and  test  temperature, 
the  desired  relation  between  forging  energy  and  strain  rate  at  a  constant 
strain  may  be  obtained  by  interpolation. 

It  is  noted  that  not  all  of  the  kinntic  energy  is  expended  in  plastic  deforma¬ 
tion  of  the  specimen.  A  portion  of  the  initial  energy  is  dissipated  in  the 
machine  structure  and  its  surroundings.  The  unused  remainder  appears  in 
the  rebounding  projectile.  In  comparing  the  energy  requirements  for  impact 
machines,  it  is  the  usual  practice  to  assume  ideal  conditions  and  to  ignore 
the  rebound  velocity  of  the  ram. 

Data  Acquisition 

The  forgeability  data  for  2024  aluminum  was  used  to  investigate  the  strain 
rate  effect  on  the  required  impact  energy,  specifically  the  kinetic  energy 
of  the  moving  projectile, 

K.E.  =  W  Vo2/64.4 

where  W  and  V  are  the  weight  and  projectile  impact  velocity.  The  procedure 
for  obtaining  projectile  energy  as  a  function  of  strain  rate  for  a  constant 
deformation  is  shown  in  Figure  45  . 
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FIGURE  45  . 


METHOD  FOR  PLOTTING  FORGING  ENERGY- 
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Results 


Using  the  data  in  Table  XI  ,  Appendix  III  for  2024-0  aluminum  at  three  tempera¬ 
tures,  projectile  energy  vs  strain  rate  values  were  plotted  at  strains  of  20# 
up  to  the  forging  limit  as  shown  in  Figures  4 6,  47,  and  48 v 


Instantaneous  Process  Variables 


Introduction 

Measurements  of  instantaneous  process  variables  were  performed  in  an  attempt 
to  correlate  variations  with  other  program  data  Such  parameters  as  die  force, 
surface  velocities,  and  strain  rate  are  of  great  interest  in  applying  the  data 
generated  in  this  program  to  the  development  of  reliable  manufacturing  pro¬ 
cedures  and  methods. 

Measurements  were  made  of  the  projectile  position  as  a  function  of  time  for  a 
number  of  representative  forging  conditions.  These  measurements  were  made 
using  the  optical  extensometer,  which  records  discreet  positions  of  the 
ram  during  deformation.  These  measurements  confirmed  previous  predictions 
that  the  average  instantaneous  strain  rate  reaches  a  peak  near  the  latter  portion 
of  the  forging  cycle,  with  attendant  reduced  die  face  loads. 

Experimental  Plan 

The  LTV  optical  extensometer  was  used  to  measure  the  projectile  position 
during  forming.  This  device  is  shown  in  Figure  49  and  schematically  illustrated 
in  Figure  50  .  An  optical  window  was  placed  in  the  barrel  near  the  exit  end, 
allowing  the  projectile  image  to  be  monitored  during  forming.  The  barrel  was 
vented  near  the  extensometer  to  reduce  lubricant  spray  and  other  extraneous 
matter  which  could  interfere  with  proper  projectile  imaging.  A  light  source 
capable  of  being  focused  to  very  high  intensities  was  directed  at  the  projectile 
from  the  side  as  illustrated  in  Figure  49  •  The  high  intensity  light  source 
was  necessary  to  prevent  room  lighting  from  interfering  with  the  optical  instru¬ 
mentation. 

All  tests  were  performed  at  room  temperature,  since  the  dynamics  of  the 
forging  process  are  sufficiently  similar  to  permit  extrapolation  of  results  to 
higher  temperatures.  Similarly,  tests  were  performed  on  only  two  materials, 

2024  aluminum  and  A-286  austenitic  stainless  steel.  Lubrication  was  con¬ 
sidered  a  variable  but  only  in  the  case  of  A-286.  The  billets  were  held  on  the 
anvil  with  tape  since  the  high  temperature  loading  equipment  was  not  necessary 
for  the  tests  performed  and  would  have  introduced  more  error  in  the  centering 
of  the  billets  on  the  anvil.  The  billets  were  forged  to  two  values  of  strain 
for  each  of  the  test  conditions. 

The  output  of  the  optical  extensometer  is  in  the  form  of  electrical  pulses, 
corresponding  to  small  increments  of  the  projectile  position.  These  were 
amplified  a  short  distance  from  the  instrument  and  recorded  with  a  Tektronix 
535  A  oscilloscope  with  a  Polaroid  camera  attachment.  Time  intervals  chosen 
were  such  that  the  entire  forging  process  was  recorded  including  rebound, 
which  allows  the  calculation  of  strain  energy  contained  in  the  anvil  and 
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FIGURE  47. 


FIGURE  49  .  PHOTOGRAPH  OF  OPTICAL  EXTEflSOMETER 

projectile  at  the  time  of  direction  reversal  Some  error  was  introduced  into 
these  measurements  due  to  deflection  cf  the  anvil  under  load  as  shown  in 
Figure  51  The  distance  d^,  is  that  measured  by  the  optical  extensometer , 
while  the  distance  dp  is  the  anvil  deflection.  The  true  billet  deflection 
would  be  the  difference  of  these  two  values.  The  projectile  and  anvil  forces 
are  only  a  function  of  the  first,  however,  and  may  be  calculated  with 
excellent  accuracy  Since  the  anvil  deflection  is  a  function  of  billet  force, 
correlate  may  be  made  to  give  very  reasonable  accuracy  for  instantaneous 
bill  ►•eirht.  The  forming  energy  may  also  be  found  from  the  difference  in 
the  projectile  and  rebound  energies 


SCHEMATIC  ILLUSTRATION  OF  OPTICAL  EXTENSOMETER 
;XPraiMKNTAL  SETUP. 


(b)  System  During 

Deformation  at  tj. 
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FIGURE  51  ERROR  IN  BILLEM  lEIGHT  MEASUREMENTS 
RESULTING  FROM  ANVIL  DEFLECTION 


'frita  Proo e 3S  lug 

Since  the  distance  increments  useu  in  recording  the  projectile  position  were 
on  the  order  of  ten  mils,  a  rather  large  quantity  of  data  was  generated  with 
each  teat  To  insure  accurate  results,  thu  ocations  of  the  time  points  on 
the  oscilloscope  trace  were  measured  using  an  optical  comparator.  Further, 
to  reduce  the  effects  of  non! insanities  In  the  osH lloscope  and  camera, 
accurate  t<me  marker  signals  were  super imposed  on  each  tract  at  the  time  of 
recording.  The  markers  were  produced  with  a  crystal  controlled  oscillator  at 
a  frequency  which  would  produce  a  minimum  of  10  marks  on  a  given  scope  trace. 
The  positions  of  the  time  marks  were  measured  in  the  same  set  up  as  the  pro¬ 
jectile  position  data. 


The  data  from  the  comparator  were  then  reduced  with  a  digital  computer.  Since 
the  interval  between  the  marker  points  was  brown  and  remained  constant ,  the 
time  coordinates  of  the  data  were  found  using  a  linear  interpolation  scheme. 
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The  point  of  reversal  of  the  projectile  could  be  located  quite  accurately 
from  the  oscilloscope  traces  and  was  arbitrarily  assigned  a  time  coordinate 
of  zero.  Since  the  billet  deformation  and  anvil  deflection  were  known,  the 
impact  point  could  be  accurately  located.'  The  use  of  a  time  marker  at  the 
impact  point  would  prove  desirable  if  future  work  of  this  nature  is  per¬ 
formed. 

The  reduced  data  were  then  used  to  obtain  plots  of  distance  vs  time  for  the 
projectile.  The  curves  were  faired  and  graphically  differentiated  to  obtain 
plots  of  velocity  and  acceleration.  The  strain  rate  and  anvil  force  profiles 
were  then  calculated  on  the  basis  of  these  curves.  Corrections  for  anvil 
deflection  were  made  from  the  anvil  force  profile. 

Results 


The  results  are  presented  in  graphical  form  in  Figures .  52  through  56  • 
Velocity,  strain  rate,  and  die  force  are  plotted  as  a  function  of  deformation. 
The  plots  of  velocity  and  strain  rate  are  nondimensionalized  in  the  manner 
by  the  theoretical  curve  in  Figure  9  • 

For  convenience,  velocity  profiles  for  different  values  of  strain  rate  are 
superimposed  on  the  velocity  curve.  These  have  great  merit,  as  the  strain 
rate  may  be  read  directly  fran  a  nondimensionalized  curve. 

The  degree  of  accuracy  of  the  curves  was  sufficient  for  the  evaluation  demands 
of  this  program.  The  method  of  data  reduction  employed  should  be  born  in 
mind,  however,  before  attempts  at  rigorous  comparisons  are  made.  The  data 
could  be  reduced  to  much  higher  accuracy  through  the  use  of  digital  curve 
fitting  and  differentiating  technique,  since  a  resolution  of  greater  than 
+  10"  3  inches  is  obtainable  with  the  present  model  of  the  optical  extenso- 
meter,  for  readings  taken  at  0.  01  inch  intervals.  With  some  develop¬ 
ment  these  could  be  reduced  by  a  factor  of  10,  the  theoretical  resolution 
being  limited  only  by  the  numerical  aperture  of  the  lens  and  the  frequency 
response  of  the  electronics. 

The  curves  provide  excellent  agreement  with  theoretical  performance  calcula¬ 
tions.  The  magnitude  of  the  strain  rate  peaks  increases  with  increasing 
deformation,  which  supports  the  idea  of  reduced  die  loads  at  reversal. 

Accurate  analysis  methods  would  yield  data  which  could  possibly  be  applied  to 
a  fundamental  analysis  of  the  deformation  mechanism. 


Mechanical  Properties  Evaluation 


Introduction 

The  primary  objective  of  this  segment  of  the  program  was  to  determine  the 
combined  effect  of  temperature  and  high  strain  rate  on  the  final  mechanical 
nrooerties  for  four  Phase  II  alloys.  In  contrast  to  the  forgeability  in¬ 
vestigation,  where  the  problem  of  process  was  considered,  tnis  segment  dealt 
with  the  equally  important  question  of  the  structural  quality  of  the 
rrocessed  material. 
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FIGURE  5^- 


Per oent  Strain 

INSTANTANEOUS  VELOCITY,  STRAIN  RATE  AND  DIE  FORCE  FOR  A7-928 
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FIGURE  55.  INSTANTANEOUS  VELOCITY,  STRAIN  RATE  AND  DIE  FORCE  FOR  F7-929 
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The  types  of  material  evaluation  tests  employed  are  given  in  Figure  57  • 


TYPE  OF  TEST 

DATA 

Macro  Hardness 

Rockwell  Hardness 

R.T.  Static  Tensile 
Test 

Sty,  Sttx,  Elongation 

R.T.  Fatigue  Test 

Comparative  fatigue 
life  (no.  of  cycles  to 
failure  at  constant 
stress  level) 

FIGURE  57  .  MECHANICAL  PROPERTIES  TESTED 


For  both  tensile  and  fatigue  evaluation,  test  coupons  were  taken  from  forged 
bars  upset  a  constant  amount  under  different  combinations  of  temperature  and 
strain  rate.  For  two  alloys,  17-4  PH  and  A -286,  the  mechanical  properties 
were  tested  after  a  standard  post  forging  heat-treatment  as  well  as  in  the 
as  forged  conditions.  From  this  data  conclusions  may  be  drawn  as  to  the 
nature  and  extent  of  changes  that  can  be  expected  in  material  properties 
subjected  to  very  high  deformation  rate  processer 

Experimental  Plan 

The  experimental  plan  may  be  divided  into  two  parts;  (l)  the  preparation  of 
test  coupons  and  (2)  mechanical  properties  testing.  The  preparation  of 
test  coupons  is  shown  in  Figure  20  .  Bar  shape  forging  billets,  ^  x  j  x  4 
inches,  were  cut  from  stock  and  upset  forged  under  the  program  test  conditions. 
The  bars  were  forged  to  a  nearly  constant  percent  upset  for  a  given  material 
at  a  minimum  of  three  strain  rates.  The  lower  strain  rate  was  obtained  using 
a  drop  hammer  while  the  remaining  points  were  established  using  the  high 
energ /  impact  machine. 

The  forging  temperature  and  the  amount  of  upset  were  chosen  based  on  the 
forgeability  test  results  as  shown  schematically  in  Figure  59  .  It  is  noted 
the  strain  value  was  chosen  low  enough  to  keep  this  factor  constant  at 
both  temperature  levels.  The  hot  forging  temperature  was  chosen  for  an 
optimum  combination  of  reduced  flow  stress  and  high  ductility.  The  warm 
forging  temperature  was  selected  in  a  range  of  acceptable  ductility  at  a 
temperature  low  enough  to  allow  prolonged  heating  in  air  without  significant 
surface  oxidation.  The  general  plan  for  testing  the  tensile  and  fatigue 
properties  is  outlined  in  Figure  60  which  gives  the  test  conditions  for  both 
initial  upsetting  and  properties  testing. 

For  tensile  testing  a  minimum  of  two  duplicate  specimens  were  provided  for 
each  test  condition.  The  tensile  properties  at  room  temperatures  were 
obtained  by  standard  static  tensile  testing  procedures. 
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FIGURE  58 »  FABRICATION  OF  TENSILE  AND  FATIGUE  SPECIMENS 
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FIGURE  59.  SELECTION  OF  STRAIN  AND  FORGING  TI!MT'TRAlllKE 
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preliminary  tests,  to  allow  specimen  failure  in  the  100  to  200  thousarw  cycle 
range.  Further,  it  was  decided  to  hold  the  stress  level  constant  for  the 
three  forging  strain  rates  at  each  forging  temperature  in  a  giver,  materi.  ’  . 


This  compromise  plan  was  Judged  optimum  to  give  a  sufficient  number  of  cycles 
for  minimal  scatter  and  still  keep  the  testing  time  down  to  approximately 
1.5  hrs.  per  test.  This  test  plan  had  the  advantage,  therefore  of  permitting 
the  investigation  cf  a  maximum  number  of  test  conditions  on  a  qualitative 
basis  within  the  allcted  time  spun. 


Equipment  and  Procedures 

The  bar  upset  operation  was  accomplished  with  the  came  basic  equipment  used  for 
forgeability  testing.  The  low  strain  rate  drop  hammer  forging  set-up  is  shown 
in  Figures  131  and  132,  High  velocity  forging  utilized  the  high  energy  impact 
equipment  shown  in  Figures  '133  and  134.  Billet  heating  was  accomplished  in 
a  special  furnace  located  above  the  anvil  as  shown  in  Figures  6l  and  l4o. 
Because  of  the  excess  kinetic  energy  in  the  light  weight  projectiles  at  high 
velocities  energy  absorbing  bars  were  mandatory.  This  problem  was  solved  by 
dropping  the  heated  forging  billet  into  an  expendable  container  as  shown  in 
Figure  6l  .  In  addition  to  allowing  high  impact  velocities  by  absorbing  the 
excess  energy,  this  technique  was  found  to  produce  a  more  nearly  plain-strain 
condition  in  the  forged  piece  as  compared  to  bars  unset  without  restraint. 

Specimens  were  brought  to  the  final  forging  temperature  as  measured  by  a 
thermocouple  resting  on  the  upper  end  of  the  specimen.  The  heating  of  s:  ci- 
mens  upset  at  low  strain  rate  in  the  drop  hammer  was  accomplished  in  a 
standard  muff el  furnace  using  the  special  tool  shown  m  Figure  62.  This  tool 
was  designed  to  aid  in  transferring  the  billet  with  a  minimum  temperature 
loss.  In  both  the  high  and  low  velocity  processes,  the  temperature  recorded 
was  the  soak  temperature  and  the  billet  was  transferred  and  forged 
witnin  a  tome  span  of  3  to  5  seconds. 

Aluminum  2024,  T1-5A1-2. 5  :>n,  and  A-286  were  heated  directly  to  forging  tempera¬ 
ture,  allowed  to  soak  for  10  minutes,  and  forged.  The  alloy  17-4  PHwas 
austinized  at  1950”F  for  15  minutes  in  a  preheat  furnace,  placed  in  the 
forgitfe  furnace  and  allowed  to  cool  to  the  desired  temperature.  After  the 
upset  operation,  the  billets  were  allowed  to  cool  in  their  containers. 

Tensile  and  fatigue  specimens  were  machined  from  tue  forged  bars  by  removing 
materia]  from  both  faces  such  that  coupon  blanks,  approximately  1  '75  x  0.5  x 
0.1  inches,  were  obtained  from  the  center  of  the  bar.  To  uoles  were 

drilled  j.n  the  coupon  bLanK  to  establish  the  specimen  cen  *r  line  and  the 
specimen  profile  was  machined.  Cutter  marks  were  removed  y  hand  sanding 
followed  by  hand  polishing  to  remove  transverse  scratches.  Inspection  on  a 
snecially  designed  check  fixture  showed  the  profile  to  be  symmetrical  about 
the  cer,  er  line  within  a  tolerance  of  0.002  inches  for  all  specimens. 
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FIGURE  hi.  FUKKACE  AMU  I.OATING  METHOD  FOR  BAR  RPBCEME3JS 


Tuple  Wii 


JADIBG  tool. 
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The  dimension  of  the  fatigue  and  tensile  specimens  were  based  on  ASTME  standards, 
as  shown  in  Figure  63. 


FIGURE  63.  FATIGUE  AND  TENSILE  SPECIMEN  DIMENSIONS 


At  this  point  specimens  were  selected  at  random  for  post  forging  heat  treat¬ 
ment  in  accordance  with  the  test  plan.  All  such  specimens,  both  tensile  and 
fatigue,  of  the  same  material  were  heat  treated  in  one  batch.  The  heat 
treatment  used  for  17-4  PH  and  A-286  was  as  follows: 


A-286  (1) 

(2) 

17-4  PH  (1) 

(2) 

(3) 


Solution  HT-lPOO°F  +  25°F  for  1  hr. ,  oil  quench 
Precipitation  HT-  1325°F  +  15°F  for  16  hrs. ,  air  cool 

Solution  HT  -  1900°F  +  25° F,  for  1  hr. ,  air  cool 
Sub  cool  at  -50° F  for  1  hr. 

Precipitation  HT  -  925° F  +  10° F  1  hr. ,  air  cool 
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Data  Acquisition 


The  tensile  properties  of  forged  specimens  at  the  specified  test  conditions  of 
strain  rate  anf  forging  temperature  are  given  in  Table  XII,  Appendix  III.  The 
temperature  listed  is  the  furnace  temperature  of  the  billet.  The  percent  re¬ 
duction  given  to  the  specimen  during  upset  was  calculated  from  the  original 
and  final  thickness  of  the  billet  in  the  forging  direction  as  follows: 


%  Red.  =  (Ho  -  Hf)/Ho  x  100 

The  initial  strain  rate  (So)  listed  in  the  right  hand  column  was  calculated 
from  the  projectile  velocity  (Vo)  at  impact  and  the  initial  billet  thickness 
(Ho)  by  the  relation: 

&o  •  Vo/Ho 

For  the  fatigue  data  given  in  Table  XIII,  Appendix  HI  the  test  conditions  are 
also  listed  in  terms  of  temperature  strain  and  strain  rate.  In  this  table  the 
average  ultimate  stress  (ave.  Stu)  was  obtained  from  the  tensile  data.  The 
stress  level  percentage  was  determined  experimentally  to  give  an  expected  fatigue 
life  on  the  order  of  150  thousand  cycles.  For  all  tests  the  oscillating  load 
was  set  for  a  range  ratio  of  0. 1  as  shown  schematically  in  Figure  64.  All 
fatigue  testing  was  done  using  a  Sonntag  inertia-type  constant  force  test 
machine. 


FIGURE  64.  FATIGUE  TEST  CONDITIONS 


Results 

The  mechanical  properties  data  is  presented  in  graph  form  in  Appendix  H, 
Graph  44. 
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Forgeability 


Discussion  of  Results 


The  combined  effect  of  temperature  and  strain  rate  over  the  range  from  100  to 
4000  in/in/sec  for  the  four  Phase  II  alloys  is  shown’ in  Figure  65. 


0  500  1000  0  1000  2000 


FIGURE  65.  COMBINED  EFFECTS  OF  TEMPERATURE  AND  STRAIN  RATE  ON' 
FORGEABILITY  OF  PHASE  II  MATERIALS 
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It  is  noted  that  for  three  of  the  alloys  (Ti  5A1-2. 5Sn,  17-4  PH  &  A-286)  there 
is  a  general  decrease  in  forgeability  over  the  temperature  range  with 
increasing  strain  rate  while  for  2024  aluminum  the  forgeability  increases  with 
both  temperature  and  strain  rate.  It  is  also  noted  that  for  each  of  the  four 
alloys  with  the  exception  of  2024  aluminum  there  is  at  least  one  temperature 
range  where  forgeability  is  not  affected  by  changes  in  strain  rate.  This 
occurs  in  the  1800  to  2000°  F  range  for  titanium  and  17-4  PH  and  in  the  900  to 
1000° F  range  for  A-286. 

Forging  Energy 

Most  metals  when  worked  in  a  soft  condition  sho*f  a  pronounced  increase  in  flow 
stress  under  high  strain  rate  tensile  deformation.  Further,  the  die  force  in 
uniaxial  compression  has  been  shown  (6)  to  increase  with  increasing  strain  rate. 
The  iron  base  superalloy  A-286,  for  example,  upset  50$  at  2000°F  requires  a 
specific  energy  increase  of  5  to  30  thousand  inch  lbs  per  cubic  inch  over  the 
strain  rate  range  from  0.1  to  100  in/in/sec.  Based  on  these  data  it  would  be 
reasonable  to  expect  evoi:a  higher  forging  energy  levels  through  the  100  to 
8000  range  investigated  in  the  present  program.  The  results  of  this  program 
however,  show  no  such  increase  based  on  two  independent  methods  of  analysis. 
First,  the  forging  energy  as  measured  by  the  mass  and  velocity  of  the  pro¬ 
jectile  at  impact  was  found  to  either  increase  or  decrease  with  increasing 
strain  rate  depending  on  the  percent  upset  as  shown  in  Figures  46,  47, 
and  48  for  2024  aluminum.  In  the  second  method  instantaneous  forging  force 
was  calculated  from  accurate  measurements  of  the  projectile  deceleration 
during  the  upset  event.  This  method,  described  under  "Instantaneous  Process 
Parameters"  also  showed  that  forging  energy  is  essentially  constant  with  respect 
to  strain  rate  above  200  in/in/sec  for  2024  alumirm  and  A-286. 

Mechanical  Properties 

The  effect  of  strain  rate  and  temperature  on  the  final  tensile  properties  for 
the  four  phase  II  alloys  is  summarized  in  Figures  66  through  68. 

The  strain  rate  values  are,  for  simplicity,  order -of -magnitude  values.  Exact 
strain  rates  are  listed  in  Table  XU  ,  Appendix  HI  .  The  data  of  Figures  67 
and  68  for  17-4  PH  and  A-286  are  most  significant  since  they  show  both  the 
properties  as  forged  and  after  heat  treatment.  In  both  materials  it  can 
be  noted  that  the  highest  strain  rates  resulted  in  a  better  heat  treat  response. 
This  is  particularly  significant  since  no  preliminary  testing  was  done  to  find 
the  optimum  heat  treatment.  The  room-temperature  and  warm  forged  specimens 
tested  in  the  as  forged  condition  show  no  deleterious  effect  as  a  result  of 
increasing  strain  rate. 

The  results  of  fatigue  testing  are  difficult  to  evaluate  because  of  the 
excessive  scatter.  1'or  2024-0  aluminum,  the  fatigue  life  increases  with  in¬ 
creasing  strain  rate.  Metallurgical  examination  of  these  specimens  showed 
incipient  grain  boundary  melting  at  the  high  strain  rate  sample  forged  at 
750°F  and  for  all  strain  rates  at  850°F.  This  result  is  illustrated  in 
Figure  69. 


re% 


*100  in/in/sec 
3000  in/in/sec 
6000  in/in/sec 


FIGURE  67.  COMBINED  EFFECT  OF  TEMPERATURE  AMD  STRAIN  RATE 
ON  THE  MECHANICAL  PROPERTIES  OF  17-4  PH. 
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-THE  MECHANICAL  PROPERTIES  OF  A-286 


ic£ 


I 

5 


Strain  Rate  if  (Sec"^-) 


Forging  Temperature 

fZ&SM  RT 

EH  535*? 

E»"13  750*  F 

Max.  Stress  =  88$  Stu(ave.) 
Forging  Upset  50$ 

FIGURE  6? .  FATIGUE  LIFE  OF  2024  ALUMINUM 


The  erratic  results  obtained  for  titanium,  and  17-4  PH  fatigue  specimens  tested 
in  the  as  forged  condition  can  be  attributed  to  residual  stress  although  the 
degree  of  scatter  is  considerably  greater  than  expected.  Discounting  two 
test  points  in  Graph  55  ,  all  of  the  A-286  fatigue  data  can  be  evaluated  as 
shoyn  in  Figure  70  .  ITie  most  significant  data  are  for  the  heat  treated 
specimens. 

,  y 

The  as-forged  and  post  heat  treat  fatigue  results  for  17-4  PH  upset  at  195CP F 
is  shown  in  Figure  71  .  As  with  the  A-286  there  is  clear  evidence  of  residual 
compressive  stresses  in  the  material  prior  to  heat  treatment.  In  both  materials 
the  fatigue  life  is  relatively  constant  over  the  100-7000  strain  rate  range 
with  a  slight  improvement  indicated  at  the  high  strain  rate  for  17-4  PH. 


Metallographlc  Data 

Metallographic  examination  of  15  selected  fatigue  and  tensile  specimens  did 
not  reveal  any  definite  change  in  the  micro-structure  that  could  be  associated 
with  strain  rate  other  than  the  grain  boundry  melting  in  2024-0  aluminum  at 
the  high  strain  rates  at  hot  forging  temperatures.  Further,  this  cursory 
examination  failed  to  reveal  a  cause  for  the  large  scatter  encountered  in 
fatigue  tests  on  the  as-forged  titanium  and  17-4  PH  alloys. 
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Cycles  to  Failure  Cycles  to  Failure 


wfcswos»<.:  •'  '  ” 


Strain  Rate  (Sec“l) 


• .a  As-Forged  at  1950®  F 

Forged  at  1950®  and  Heat  Treated 
E3J  As-Forged  at  1050°  F 

Max.  Stress  =  85%  of  S^u(ave. ) 

Forging  Upset  =  50% 


FIGURE  70  .  FATIGUE  LIFE  OF  A-?8o 


Strain  Rate  *0  (Sec"*) 

I... . . i  As -Forged  at  1950°  F 

I'-.'Lr'j  Forged  at  1950°  F  and  Heat  Treated 

Forging  Upset  =  40% 

Max  Stress  =  75%  of  Stu(ave. ) 

FIGURE  71.  FATIGUE  LIFE  OF  17-4  FH 


Summary 


The  Phase  II  results  show  conclusively  that  the  forging  processes  within  the 
program  test  range  present  no  problems  with  regard  to  forgeability,  tooling, 
or  structural  integrity  of  the  finished  product.  An  improvement  of  the 


final  tensile  properties  axe  indicated  as  a  result-  of  improved  heat  treat 
response.  Tins  effect,  irmly  established  in  present  high  energy  rate  systems 
as  typified  by  the  Fairchild  ISFF  and  the  Dynapak  processes  appear  to  extend 
into  the  higher  strain  rate  range  investigat'd  in  this  program  as  evidenced 
by  the  hear,  treat  response  of  17-4  PH  and  A-286. 
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TABLE  IV.  MECHANICAL  PROPERTIES  OF  TEST  MATERIALS 
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TABLE  III.  CHEMICAL  COMPOSITION  OF  TEST  MATERIAL  (CONT’D) 
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TABLE  III.  CHEMICAL  COMPOSITION  OF  TEST  MATERIAL  (COHT'D) 
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TABLE  III.  CHEMICAL  COMPOSITION  CF  TEST  MATERIAL  (CONT’D) 


TABLE  III.  CHEMICAL  COMPOSITION  OF  TEST  MATERIALS 
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hECKANICAL  PROPERTIES  OF  TEST  .MATERIALS  (CONT'D) 
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TABLE  IV.  MECHANICAL  PROPERTIES  OF  TEST  MATERIALS  (CONT'D) 


97 


TABLE  V .  BILLET  IDENTIFICATION  AND  APPLICATION 


Material 


17-1*  PH 
(Cont'd) 


A-286 


Vasconiox  300 


TZM 

Moly 


Rene '  hi 


L-605 


TABLE  V.  (CONT'D) 


Type  of  Program  Testing 

Ductility 

Mechanical 

Properties 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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TABLE  VI.  AS  RECEIVED  HARDNESS 


Center 

Hardness 

Edge 

Hardness 

19*5  R/B 

21.5  R/B 

18.5  r/b 

18.5  R/B 

20.0  R/B 

21.5  r/b 

11.0  R/B 

11.0  R/B 

36.0  R/C 

37-5  R/C 

36.0  R/C 

36.O  R/C 

35  -0  R/C 

36.0  R/C 

38.0  R/C 

36.0  r/c 

34.0  R/C 

35-0  R/C 

34.5  R/C 

35.5  R/C 

80.5  R/B 

84.0  R/B 

81.0  R/B 

82.5  r/b 

31.5  R/C 

31*5  R/C 

...  ...  ._ 

32.5  R/C 

32.0  R/C 

24.0  R/C 

22.5  r/c 

26.5  R/C 

26.5  r/c 

46.0  R/C 

41.0  R/C 

30.0  r/c 

30.0  R/C 

19.5  R/C 

22.0  R/C 

29.5  R/C 

34.0  R/C 

*U)  *  *" 

(2)  1"  x  1" 


x  4£"  Bar  (Used  for  Mechanical  Properties  Evaluation) 
Cylinder  (Used  for  Forgeability  Tests; 
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APPENDIX  II 


FORQFABILITY  TESTS 


Forgeability  Limits 

Graphs  1  thru  43  represent  the  experimental  results’ obtained  for  2024-0  Al, 
7075-0  Al,  T1-5A1-2. 5Sn,  Ti-6Al-4v,  17-4  PH  Stainless  Steel,  A-286,  Vasconax 
300,  Rene'  4l,  L-605  and  T2M  forged  at  room  temperature  and  for  2024-0  Al, 
T1-5A1-2.  5Sn,  A-286  and  17-4  PH  Stainless  Steel  forged  at  temperature  up  to 
1950°F. 

The  numbered  forgeability  limit  specimens  shown  in  the  photographs  in 
Figures  72  thru  106  represent  points  on  corresponding  limit  curves  shown 
on  the  opposite  pages. 
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72  .  2024-0  A1  FORGEABILITY  SPECIMENS  AT  ROOM  TEMPERATURE 

(UTILIZING  ENERGY  ABSORBING  RINGS ) 


GRAPH  1  .  FORGEABILITY  LIMIT  CURVES  FOR  ?024-0  A1  AT  ROOM  TEMPERATURE 
(UTILIZING  ENERGY  ABSORBING  RINGS) 
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Strain  Rate  V0/fi^  (in/in/aec  X  10~3) 


io6 


FIGURE  73  .  "'075-0  A1  FORGEABILITY  SPECIMENS  AT  ROOM  TEMPERATURE 

(utilizing  eisrgy  absorbing  rings) 


GRAPH  2  .  FORGEABILITY'  LEET  CURVES  FOR  7C75-0  AZ.  AT  ROOM  TEH 
(UTILIZED  EilERGY  ABSORBING  RUGS) 


Strain  Rate  V0/Ho  (in/in/sec  X  10*3) 
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GRAPH  3  -  FORGEABILITY  LIMIT  CURVES  FOR  T1-5A1-2.  5Sn  AT  ROOM  TEMPERATURE 
(  UTILIZING  ENERGY  ABSORBING  RINGS) 
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Strain  Rate  Vq/Hq  (in/in/sec  X  10“3) 


Incipient  racture 


GSABILITY  LU-ETT  CURVES  FOR  17'-U  FH  AT  ROOM  TEMPERA'  -RE 
TLIZIIJG  ENERGY  ABSORBING  RINGS) 


Incipient  Fi*&ctur« 
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Strain  Bate  (In/ in/ sec  X  10' 
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FIGURE  80.  RENE'  4l  FORGEABILITY  SPECIMENS  AT  ROOM  TEMPERATURE 
,  (UTILIZING  ENERGY  ABSORBING  RUES) 
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Strain  Rate  Vq/^  ( in/in/ aec  X  1' 


i-v; 


GRAPH  12.  FORGEABILITY  LBjET  CURVES  FOR  2024-0  A1  AT  550 
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Strain  Rate  V^Hq}  (in/in/sec  X  10" 


LIMIT  SPECIMENS  AT  750°  F 


FORGEABILITY  LIMIT  CURVES  FOR  2024-0  A1  AT  750°F 
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rain  Rate  (in/in/aec  X  10“ 3) 


GRAKH  lh  .  FORGEABILITY  LIMIT  CURVES  FOR  Ti-5Al-2.  5Sn  AT  ROOM  TEMHCRATURE 
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Strain  Rate  (in/in/sec  X  10"3) 


132 


SEECEENS  AT  750° F 


GRAPH  15  ■  FORGEABILITY  LEST  CURVES  FOR  Ti-5Al-2.  5Sn  AT  750 


Strain  Rate  V0/Hq  (in/in/sec  X  10~3) 


GRAHi  l6.  FORGEABILITY  LIMIT  CURVES  FOR  Ti-5Al-2. 5Sn  AT  1050°F 
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135 


Strain  Rate  Vo/Hq  (in/in/sec  X  10"3) 


F  313 -14  011177  LIMIT  0URV2S  FOR  Ti-5Al-2. 5Sn  AT  1350°F 
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Strain  Rate  Vq/Ho  (in/in/sec  X  10-3) 


GRAPH  18.  FORGEABILITY  LIMIT  CURVES  FOR  Ti-5Al-2.5Sn  AT  1??C°F 
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Strain  Rate  VQ/ H0  (in/in/sec  X  10”  ^  ) 


RAPH  20.  FORGEABILITY  LIMEP  CURVES  FOR  Ti-5Al-2.  ;Sn  AT  1950° F 


■HI 
■■■■ 
UHIHI 


■■■■■■■■■■■■■ 

■isiiiininiB 


SSSSSSBSSSSE 

— E— ■ 


(001  x  H/HS?)  uof^-miojag  % 


143 


Strain  Rate  (in/in/aec  X  10-3) 


GRAPH  21.  FORGEABILITY  LIMIT  CURVES  FOR  17-4  PH  AT  550° F 


Strain  Rate  V0/Ho  (in/ln/sec  X  10"3) 


GRAEW  22-  f  ORGcJ\BILITY  LIMIT  CURVES  FOR  17— PH  AT  950°  F 


Strain  Rate  V0/Hq  ( in/ in/ sec  X  10"3) 


F OEOEA3IL ITY  LIMIT  CURVES  FOR  17-U  FH  AT  1350° F 


Strain  Rate  Vp/H^  (in/in/sec  X  10"3) 


E7-741  E5-474 mm 
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FIGURE  95 .  17-4  HI  FORGEABILITY  LETT  SPECIMENS  AT  1550°F 


GRAPH  24.  FORGEABILITY  LIMIT  CURVES  FOR  17-4  PH  AT  1550°F 
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Strain  Rate  VjKQ  (in/in/aec  X  10"3) 


GRAPH  25-  FORGEABILITY  LIMIT  CURVES  FOR  17-4  PH  AT  1750°F 
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Strain  Rete  V0/H0  (in/in/sec  X  10 


GRAPH  26.  ?  ORGSABILiry  LB  IT  CURVES  FOR  IJ-h  PH  AT  1950°  F 


(001  X  H/H'P)  uoT^mtuojsa  % 
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Strain  Rate  Y0/Hq  (in/in/sec  X  10“3) 


j&t 


GRAPH  27  •  -  0EGKA3ILITY  LIMIT  CURA'ES  FOR  A-286  AT  ROOM  TEMPERATURE 


Strain  Rate  Vq/Hq  (in/in/sec  X  I0"3) 


GRAPH  28-  FORGEABILITY  LIMIT  CURVES  FOR  A-286  AT  550°F 


Strain  Rate  V0/Ho  (in/in/sec  X  10"3) 


29-  F0:£JEABILIT3f  LETT  CURVES  FOR  A-286  AT  750°F 
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Strain  Rate  V0/Hq  (in/in/sec  X  10“3) 


GRAPH  30.  FORGEABILITY  LIMIT  CURVES  FOR  A-286  AT  950°  F 


(OOT  ^  H/H  <0  )  uot^-Buuojsa  % 


FORGEABILITY  LIMIT  CURVES  FOR  A-286  AT  1050°  F 


Strain  Rate  Vq/Hq  (in/in/sec  X  10" 


166 


GRAPH  32.  FORGEABILITY'  LIMIT  CURVES  FOR  A-286  AT  1350° F 


Strain  Rate  VC/IL  (in/in/sec  X  10"3) 
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FIGURE  104.  A-286  FORGEABILITY  LIMIT  SEECIMEUG  AT  1550° F 


FORGEABILITY  LIMIT  CURVES  FOR  A-286  AT  1550°F 
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Rat*  Vq/Eq  (in/in/»ec  X  10‘3) 


*x 


r  w 

B 

tm 

!•  >'■*«;  .  HE 

L  ,->V\-vr-*;  ■ 

HrV  .•  _ 

.  A  ‘  V, 

‘  v  %  .  .  1 

'b  .1 

■  V  1 

170 


34-  FORGEABILITY  LIMIT  CURVES  FOR  A-286  AT  1750°F 


(OOT  3-'  H/HV)  uoT^nmojaci  % 
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Strain  Rate  VJKq  (in/in/aec  X  10" 


N 


-  TIME  CURVE  FOR  SPECIMEN  NUMBER 


0  2  4  6  8 


N 


GRAPH  37.  POSITION  -  TIME  CURVE  FOR  SIECBBN  NUMBER  A7-940 
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(Microseconds  x  10”^) 


GRAPH  40.  POSITION  -  TIME 


.  1 

Material : 
Projectile  Wgt. : 
Cannon  Pressure: 
Hp  =  O.98O  IN 
'  Hf  =  0. 744  IN 

A-286 
5.12  Lb, 
48  PSI 

1 

! 

Position  -  "f  + 

1  1 

(9.62)  (10-2)  N 

5  6  7 


FOR  SPECIMEN  NUMBER  F7-944 


The  values  for  yield  strength,  ultimate  strength  and  elongation  over  a  one  inch 

gage  length  are  plotter  in  Graphs  44  and  45.  The  data  was  obtained  by  static  testing 

of  standard  tensile  specimens  cut  from  bars  previously  upset  by  a  constant 

amount  at  various  strain  rat*s.  These  results  show  the  effect  of  strain 

rate  of  forgings  on  the  final  strength  and  ductility  for  the  various  materials. 
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MATERIAL  STRENGTH  AID  ELONGATION  AS  A  FUNCTION  Or  STRAIT  RATE  (CONT'D) 
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GRAPH  41*  .  MATERIAL  STRENGTH  AID  El-OICATICIi  AS  A  FUNSTIOr;  ')?  STRAIN  RATS  (CONT’P) 
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MATERIAL  STRENGTH  Ain  El.QIJGA'itlCN  AS  A  FUNCTION’  OF  STRAIN  RATE  (CONT’p) 
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GRAPH  44  .  MATERIAL  STRENGTH  ATD  ELOICATIOK  AS  A  FUT;  TIO!.'  Or*  STRAIN  PATE  (CONT 
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Strain  Rate  V0/H  (in/in/sec  X  10~3) 


GRAPH  45  .  ’4ATERIAL  STRENGTH  AID  El.OIEATICN  AS  A  FUNCTION  OF  STRAIN  RATE 
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Strain  Rate  V0/^  (in/in/sec  X  10“  3) 


MATERIAL  STRENGTH  AID  ELONGATION  AS  A  FUNCTION  Or  STRAIN  RATE  (CONT’P) 
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GRAPH  45  •  ! 'ATE  RIAL  STRENGTH  AJH  ELOICATICIi  AG  A  FUNCTIOi:  OP  STKATK  RATE  (CONT’P) 
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GRAPH  1»5  .  MATERIAL  STRENGTH  AID  Kl  OICATICIi  AS  A  FUNCTIOI;  Or  STRATH  RATE  (CONT’P) 
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GRAPH  45  .  MATERIAL  STRENGTH  AID  ELONGATION  AS  A  FUNCTION  OK  STRAIN  RATE  (CONT'P) 


(-;)  UXBJ3.3 


RATE  ON  FAT3DUF  FOR  2024-0  ALUMINUM  AT  550*F 


in/sec  X  10“ 3) 

FOR  5A1-2.  5Sn  TITA5IUM  A?  1550° F 
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Strain  Rate  V0/Hq  (in/in/sec  X  10"3) 

GRAPH  51.  EFFECTS  OF  STRAIN  RATE  ON  FATIGUE  FOR  17-^  PH  STAINI£SS  STEEL  AT  1550°  F 
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GRAPH  54.  EFFECTS  OF  STRAIN  RATE  ON  FATIGUE  FOR  A-286  AT  1050°F 
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Strain  Rate  Vo/H^  (in/in/sec  X  10  -1) 

EFFECT!  OF  STRAIN  RATE  ON  FATIGUE  FOR  HEAT  TREATED  A-286  AT  1950° F 


APPENDIX  III 
DATA  TABLES 


APPENDIX  III 


DATA  TABLES 


This  appendix  includes  all  recorded  and  calculated  data  resulting  from  the 
experimental  evaluation  of  strain  rate  ar.l  temperature  on  the  ductility  and 
mechanical  properties  of  forged  specimens. 
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TABLE  VI I  .  HIGH  STRAIN  RATE  DUCTILITT  RESULTS  FOR  PHASE  I  SIE 
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TABLE  VII  .  HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  I  SIECC-EIB  (CONTINUED) 


0-997  I  0-732  1  7-0  I  500  1  4$0  1 5420  _ I  24,000  26.6 


;3LE  VII  .  HIGH  STRAIT  RAT  I  jIJCTILITY  RESULTS.  FOR  PHASE  I  SPE 
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VXI  .  HIGH  STHAIH  RATH  DUCTILITY  RESULTS  FOR  PHASE  I  SPECIMEIS  (c 


7-0  1  620  I  500  15980  |  26,600  I  33- 3 


T'AHLE  VII  .  j  fIGH  JTRAJ PATE  DUCTILITY  PEGULTC  FOP  PHASE  I  SPBCZMEHS  (C 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  I  SPECIMENS  (CO 
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HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  I  SPE 
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TABLE  VIII .  PHASE  I  TEESILC  PROPERTIES  OF  FORGED  SPECIf-EIIS  (CC.T'D) 


Ambient  G2-004  19.  0  148,600  157,300  12.0 


TA3LE  VTTI .  PHASE  I  TEI.3ILE  PECPEI.TICS  OF  FORGED  SHJCIMEriS  (CCIIT'D) 


T/L31ii  '/III.  PHASE  I  TEIiSILE  PROPERTIES  OF  FORGED  SPECIMEuS  (COIIT’D 
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TABLE  DC  .  STATIC  FORGEABILITY  DATA 

(PERFORMED  ON  HYDRAULIC  PRESS) 


A4-114  1.010  0.116  350  750  87-5 


TABLE  DC  .  STATIC  FORGEABILITY  DATA  (COIiT'D) 
( PERFORMED  OH  HYDRAULIC  PRESS) 


'O 

0) 
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TABLE  IX  .  STATIC  FORGEABILITY  DATA  (CONT'D) 
(PERFORMED  ON  HYDRAULIC  PRESS) 


23U 


TABLE  IX  .  STATIC  FORGEABILITY  DATA  (CONT'D) 
(PERFORMED  ON  HYDRAULIC  PRESS) 
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TABLE  X  .  STATIC  LUCTILITY  RESULTS 
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TABLE  X  .  STATIC  LUCTILITY  RESUI  i  S  (COIIT'B) 
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C7-843  I  0.972  0.437  12.5  80.0  82  55  0  F(l) 


TABLE  X  .  STATIC  LUCTILITY  HRSUI.TS  (COIJT'B) 


23? 


C7-70 h  0.932  0.181  10.5  95-2  97  81.6  F(l) 


TABLE  X  .  STATIC  LUCTILITY  RESULTS  (COIIT'D) 


07-822  O.98O  0.130  9.0  111.1  113  86.7  F(l) 


TABLE  X  .  STATIC  LUCTILITY  RESULTS  (COIJT'D) 


1750  S7-7M+  0.984  0.107  9.0  111.1  113  89.I 


TABLE  X  .  STATIC  DUCTILITY  RESULTS  (COUT'D) 


TABLE  X  .  STATIC  DUCTILITY  RESULTS  (CGNT’D) 


F7-701  I  0.962  I  0.207  10-5  I  95-2  99  I  78.5 


TABLE  X  .  STATIC  DUCTILITY  RESULTS  (CONT’D) 


HIGH  STRAIN  RATE  EWCTHITI  RESULTS  FOR  PHASE  II  S 
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i’able  ::i  .  HiG-i  strai::  sat::  r/ucTTLirr  results  "or.  phase  ii  sieceeiis  (continued) 


HIGH  STRAIII  RATE  DUCTILITY  RESULTS  FOP.  PHASE  II  SFECDEN3  (CONTINUED) 
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•TTGH  STItAII;  HATS  DUCTILITY  RESULTS  70R  PHASE  II  SPECIMEN  (CO 


A4-23.6  l  0.981  I  0.184  I  15.06  I  50  1120  I  1440  I  3450  I  81.2 


dGH  STRAIN  RATE  DUCTILITY  RESULTS  FG 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SI® 


RATE  DUCTILITY  RESULTS  FOR 


C5-51L  0.978  0.553  5-33  85  \2k8  30U3  5105  U3.5  I  F(  1 ) 


hig:i'  ..tf-'i;;  rati-j  ductility  results  for  phase  ii  (no 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SPECIMENS  (CO 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  H  SPE 


HIGH  STRATH  RATH  DUCTILITY  RESULTS  FOR  PHASE  II  SFECIMEIE  (CO 


C5-652 
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I  UGH  STRATH  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SEE 


HIGH  STRAIi;  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SPECIMENS  (CONTINUED) 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SPECIMENS  ( 


n 


o 

e 

vC 

-3 

J- 

ON 

s 

§ 

LA 

b- 

m 

S 

s 

OJ 

co 

CD 

OJ 

LA 

CO 

: 

VO 

OJ 

CO 

OJ 

8 
« — i 

O 

OJ 

H 

00 

CO 

LA 

00 

CO 

LA 

f\J 

1 A 

c 

& 

-3- 

o 

£ 

Ov 

6 

t- 

0\ 

6 

■s 

LA 

LA 

’A 

o 

IA 

1 

LA 

Ambient 

A-286 

Steel 

•;v-. 


262 


IGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SPECIMENS  (CONTINUED) 


HIGH  STRAIN  RATE  DUCTILITY  RESULTS  }T  1  PHASE  U  SIECIM2NS  (CCa&BIOED) 


HIGH  strain  hate  ductility  results  for  PRASE  II  s 


.'UGH  STRAIN  RATE  DUCTILITY  RESULTS  FOR  PHASE  II  SIE 
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HIGH  STRAIT!  RATE  DUCTXLTTT  RESULTS  FOR  PHASE  II  SEE 


r’JCTILITY  RESULTS  FOR  PHASE  XI  SPECIME^E  ( 


TABLE  XI  .  HIGH  STRAIN  RATE  DUCTELITY  RESULTS  FOR  PHASE  H  SPEdMEHS  ( 


IGH  STRAIN  :s\TK  ductility  results  for  phase  n  SPECIMENS  (continued) 


ITY  RESULTS  FOR  PHASE  II  SPECIMENS  (CONTINUEr-) 


XII  .  PHI.3E  II  TEIEHE  PROPERTIES  OF  FORGED  SPECIMEN 


g3t200  j  35.400  I  9.0  1  29.0  I  6210 


XU  .  PriA-S  2  II  TEIISILE  PROPERTIES  01'  FORGED  SPECIMENS  (COI-T’L) 


C6-119  j  23.?  I  120,700  1136,900  j  11.0 


TABLE  XII  .  PHASE  T  TENSILE  FSOJERTIES  OF  FOFGED  SPECIMEN  (CO.fT’D) 
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XII  .  PIIAJE  II  Tui;SILE  FRCPERT3ES  OF  FORGED  SFEGIMEIIO  (CGIiT'D) 


RERTIEG  OF  FORGED  GFECI2ENS  (COUT'D) 


2?S 


AJfi  DYNAMIC  FORGED  TEST  SPECIMENS  (Cant'd) 


06-45  137,500  24.  8  2930  73 _ I  166  I  36. 5 


.  FATIGUE  DATA  FOR  STATIC  AND  DYNAMIC  FORGED  TEST  SFECUENS  (Cont’d) 


282 


*  No  Failure 


TABLE  XIH  .  FATIGUE  DATA  FOR  STATIC  AHD  DYNAMIC  FORGED  TEST  SPECIMEN''  (Cont’d) 
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:IGUE  DATA  FOR  STATIC  AND  DYNAMIC  FORGED  TEST  SFECII-EDS  (Cont'd) 


So  Failure 


APPENDIX  IV 

DEVELOPMENT  OF  STRESS  EQUATIONS 
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DIFFERENTIAL  EQUATION  FOR  STRESS  DISTRIBUTION 
IN  A  CYLINDRICAL  BILLET  (STATIC) 


i.  The 

forces  acting  on  the  unit  element  are: 

f'l 

Axial  force 

Pressure  X  area 

F2 

Radial  force  on  inner  area 

crr  rh  d6 

Fi 

Radial  force  on  outer  area 

( C Tr  +  d  irj.)(r  +  dr)h  d8 

Frictional  force  at  the  billet  surface 

Sf  Pr  d0  dr 

t\ 

Circumferential  compression 

crc  dr  h 

Fo 

Radial  component  of  the  circumferential 
compression 

CT  dr  h  ^ 
c  2 

.  Balancing  forces  in  the  radial  direction 


F2  -  F3  -  >  F4  ♦  2  f6  s  o 

[crr  rh  d©]  -  [(crr  +  dcrr)(r  +  dr)b  de]  -  [2Afr.  e  jj<T£  h  dr  :  0 
<.  dividing  by  d8  and  expanding: 

crr  rh  -  a~r  rh  -  cTr  dr  h  -  d  c r'T  rh  -  d  rr"^  dr  h  ■  2/V  Pr  dr 

-*•  XT"C  <Er  h  =■  0 
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1*.  reducing  and  eliminating  second  order  differentials  (d <7^  dr) 

-  C7"r  dr  h  -  d  C7"r  rh  -  2  yV  Pr  dr  +  rj^c  dr  h  -  0 
5«  dividing  by  hr  dr 

.  .  dcr?  .  2/V  P  i  0 

r  dr  hr 

-  ~  gel  .  2^  p  -  0 

dr  \  r  /  h 

BQ.  1 

Symbols : 

P  :  axial  pressure 

r  s  radial  distance  from  center  of  billet 
C7^  -  tensile  yield  stress  (uniaxial) 

(Jt  '  radial  stress 

z  circumferential  stress 
h  :  billet  height 

-  coefficient  of  sliding  friction  (Coulomb  friction) 

R  -  billet  radius 
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PRESSURE  DISTRIBUTION  ON  A  CYLINDRICAL  BILI£T  (STATIC) 


1.  The  three  principal  stresses  acting  on  a  unit  element  are  P,  (J~T  and 

The  pressure  at  any  point  on  the  surface  sufficient  to  produce  yielding  is 
given  by  the  distortion  -  energy  criterion  as: 


/(P  -  C Tt)2  (07  -  Cr^)2  +  (0~  -  P)2 

2.  Crj.  =0"S  therefore; 

=  y?  -  &~r)2  +  (crr  -  P)2 

s  ~h  /2  p2  -  4  p  cr-r  +  2  crr2 
"  7?  ^2(p  -  crj.)2 

3.  The  condition  for  yielding  is  satisfied  when 

C7^  *  P  -  ^7?  or 


p  r  +  C7? 


IdP  .  dCTr 
|  dr  dr 

k .  combining  equations  1  and  2 


dP 

,2/VP 

dr 

h 

cLP  .  _  2-v 


dr 


in  P^  -  In  c 


P  =  In  c  e 


-2  ✓v  r/h 


EQ.  2 


BQ.  3 


b. 


when  r  =  R  and  P  - 

,  _  2^  R/h 

In  c  -  C7o  e 


291 


APPENDIX  V 

PHOTOMICROGRAPHS  OF  STATIC  AND 
DYNAMIC  FORGED  SPECIMENS 
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Specimen  no. :  A5-001 
Direction:  View  no.  3 
Magnification:  100X 
Strain:  79<- 8% 

Strain  rate:  Static 


Specimen  no. :  A5-013 
Direction:  View  no.  3 
Magnification:  100X 
Strain:  78*0% 

Strain  rate:  240  (l/sec.) 


Specimen  no. :  A5-016 
Direction:  View  no.  3 
Magnification:  100X 
Strain:  78.5% 

Strain  rate:  4400  (l/sec.) 


FIGURE  107.  AS  FORGED  MICROSTRUCTURE  OF  2024-0  ALUMINUM  AT 
THREE  (3)  DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  no. :  A5-001 
Direction:  View  no.  4 
Magnification :  100X 
Strain:  79.8$ 

Strain  rate:  Static 


Specimen  no. :  A5-013 
Direction:  View  no.  4 
Magnification:  100X 
Strain:. -78.0$ 

Strain  rate:  240  (l/sec.) 


Specimen  no. :  A5-016 
Direction:  View  nc.  4 
Magnification:  100X 
Strain:  78.5$ 

Strain  rate:  4400  (l/sec.) 


FIGURE  108.  AS  FORGED  MID ROSTRUCTURE  OF  2024-0  ALUMINUM  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES  (TRANSVERSE  VIEW) 
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Specimen  no. :  A5-001 
Direction:  View  r.o.  5 
Magnification:  100X 
Strain:  79*8$ 

Strain  rate:  Static 


Specimen  no. :  A5-013 
Direction:  View  no.  5 
Magnification:  100X 
Strain:  78.0$ 

Strain  rate:  240  (l/sec.) 


Specimen  no. :  A5-016 
Direction:  View  no.  5 
Magnification:  100X 
Strain:  78.5$ 

Strain  rate:  4400  (l/sec.) 


FIGURE  109.  AS  FORGED  MICROSTRUCTURE  OF  2024-0  ALUMINUM  AT  THREE  (2) 
DIFFERENT  STRAIN  RATES  (LONGITUDINAL  VIEW) 
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Specimen  no.:  B3-001 
Direction:  View  no.  1 
Magnification:  100X 
Strain:  69.0$ 

Strain  rate:  Static 


Specimen  no. :  B3-005 
Direction:  View  no.  1 
Magnification:  100X 
Strain:  85.3 $ 

Strain  rate:  1700  (l/sec.) 


Specimen  no. :  B3-010 
Direction:  View  no.  1 
Magnification:  100X 
Strain:  84.1$ 

Strain  rate:  5600  (l/sec.) 


FIGURE  110.  AS  FORGED  MICROSTRUCTUKS  OF  7075-0  ALUMINUM  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 


Specimen  no. :  B3-005 
Direction:  View  no.  2 
Magnification:  100X 
Strain:  85.3% 

Strain  rate:  1700  (l/sec.) 


Specimen  no. :  B3-010 
Direction:  View  no.  2 
Magnification:  100X 
Strain:  84.1% 

Strain  rate:  5600  (l/sec. ' 


FIGURE  111.  AS  FORGED  MICROSTRUCTURE  OF  7075-0  ALUMINUM  AT  TWO  (2) 
DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  no. :  E2-009 
Direction:  View  no.  3 
Magnification:  1C0X 
Strain:  34.3'j 
Strain  rate:  3^-70  (i/sec.) 


Specimen  no. ;  E2-018 
Direction:  View  no.  3 
Magnification:  10CX 
Strain:  20.83 
Strain  rate:  6.110  (.l/sec.) 


FIGURE  11C.  AS  FORGED  MICROSTRUCTURE  OF  17-4  PH  STAINLESS  AT  TWO  (2) 
DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  no. :  E2-009 
Direction:  View  no.  ' 
Magnification:  100X 
Strain:  34. 33 
Strain  rate:  3^70  (1 


Specimen  no. :  E2-01J 
Direction:  View  no. 
Magnification:  100X 
Strain:  20. 83- 
Strain  rate:  6110  (. 


AS  FORGED  MICROSTRUCTURE  OF  17-4  PH  STAINLE 
DIFFERENT  STRAIN  RATES  (TRANSVERSE  VIEW) 


FIGURE  113 
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Specimen  no. :  Fl-Oio 
Direction:  View  no.  3 
Magnification :  250X 
Strain:  ?7.l% 

Strain  rate:  Static 


Specimen  no.:  FI -003 
Direction:  View  no.  3 
Magnification:  250X 
Strain:  3^.7'j 
Strain  rate:  5320  (l/scc.) 


Specimen  no. :  r 1-011 
Direction:  View  no.  3 
Magnification :  opox 
Strain:  _>4.1.j 
Strain  rate:  3130  (l/scc. ) 


FIGURE  11  AS  FORGED  Ml JROGTRU.'TUKK  OF  A-.  iV»  STEED 
DIFFERENT  STRAIN  KATES  (NORM/M,  VIEW) 


AT  TURK 
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Specimen  no. :  Fl-016 
Direction:  View  no.  5 
Magnification:  2 50X 
Strain:  27.1% 

Strain  rate:  Static 


Specimen  no.:  Fl-003 
Direction:  View  no.  5 
Magni  f  ic  at  i  on :  2  s  CX 
Strain: 

Strain  rite:  53 20  (l/sec.) 


Specimen  no.  :  Fl-OLl 
Direction:  View  no.  5 
Magnification:  CS>.x 
Strain:  3^.1* 

Strain  rate:  (i.  sec.  ) 


FIGURE  i: 


AS  FORGED  MICROSTRUCTURE  OF  A-?8o  STEE;,  AT  THREE  (3) 
i  IFF ER PINT  STRAIN  RATES  ( LONGITUI’INAi.-  VIEW) 
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Specimen  no. :  G2-016 
Direction:  View  no.  3 
Magnif ic at ion :  2  5  OX 
Strain:  20.0$ 

Strain  rate:  Static 


Specimen  no. :  G2-0C& 
Direction:  View  no.  3 
Magnification:  250X 
Strain:  17.8$ 

Strain  rate:  U880  (l/sec.) 


Specimen  no. :  G2-017 
Direction:  View  no.  3 
Magnification:  250X 
Strain:  19«5  $ 

Strain  rate:  8610  (l/sec.) 


FIGURE  118.  AS  FORGED  MICROSTRUCTURE  OF  l8$  NI  MANAGING  STEEL  AT 
THREE  (3)  DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  no. :  G2-016 
Direction:  View  no.  4 
Magnification:  250X 
Strain:  20.0$ 

Strain  rate:  Static 


Specimen  no. :  G2-004 
Direction:  View  no.  4 
Magnification:  250X 
Strain:  17.8$ 

Strain  rate:  4880  (l/sec. ) 


Specimen  no. :  G2-017 
Direction:  View  no.  4 
Magnification:  250X 
Strain:  19.5 $ 

Strain  rate:  8610  (l/sec.) 


FIGURE  119.  AS  FORGED  MTC ROSTRUCTURE  OF  18$  NI  MARAGING  STEEL  AT 
THREE  (3)  DIFFERENT  STRAIN  RATES  (TRANSVERSE  VIEW) 
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Specimen  no.:  G2-016 
Direction:  View  no.  5 
Magnification:  250X 
Strain:  20. 0$ 

Strain  rate:  Static 


Specimen  no. :  G2-004 
Direction:  View  no.  5 
Magnification:  250X 
Strain:  17.8 $ 

Strain  rate:  4880  (l/sec.) 


Specimen  no. :  G2-017 
Direction:  View  no.  5 
Magnification:  250X 
Strain:  19*5  % 

Strain  rate:  8610  (l/sec.) 


FIGURE  120.  AS  FORGED  MICROSTRUCTURE  OF  18%  NI  MA RAGING  STEEL  AT 
THREE  (3)  DIFFERENT  STRAIN  RATES  (LONGITUDINAL  VIEW) 
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Specimen  no. :  II- 003 

Direction:  View  no.  3 
Magnification:  1GOX 

Strain:  26.1 % 

Strain  rate:  Static 


Specimen  no.:  11-013 
Direction:  View  no.  3 
Magnification:  100X 
Strain:  26.1% 

Strain  rate:  3280  (l/sec.) 


Specimen  no. :  11-009 
Direction:  View  no.  3 
Magnification:  100X 
Strain:  25.^% 

Strain  rate:  8160  (l/sec.) 


FIGURE  121.  AS  FORGED  MICROSTRUCTURE  OF  RENE'  4l  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  tic.:  x±-  ':'_• 
Direction :  View  no. 
Magnification :  r.rX 
Strain:  26.1$ 

Strain  rate :  Static 


'  l 

*  K  : 


•.  v  >Vv  '  V  •i-  -6"  \ 


-  ,>  .  ,VV  ■=  "  n 

#•*■  l  >  ^  -\  ■s  .3-*° 


ft. 


■wVfVj 


F  S  VW? 


r»33 


Specimen  no.-  11-013 
Directs  wn:  "lev;  no.  4 
Magnif .•cation:  l'"'X 
Strain:  35.4$ 

Strain  rate:  3280  (1/sec.) 
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Specimen  no.:  11-009 
Direction:  View  no.  4 
Magnification:  liOX 
Strain:  29.4$, 

Strain  rate.  cl60  (l/sec.) 


FIGURE  122.  AS  FORCED  MICROSTRUCTURE  OF  HEME’  Ul  AT  THREE  (3) 
1 1 1 FFEKKi.T  STRAIN  RATES  (TRANSVERSE  VIEW) 
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Specimen  no.  :  Ii-003 
Direction:  View  no. 


;e:  Static 


Specimen  no. :  11-013 
Direction:  View  no.  5 


ite : 


(1 ''sec. ) 


Specimen  no.:  11-009 
Direction:  View  no.  5 
Magnificat! on :  1  OCX 
Strain:  25 .4$ 

Strain  ra-c:  8160  (l/sec.) 


'IGURE  123. 


AS  FORGED  MICROSTRUCTURK  OF  RENE'  hi  AT  THREE  (  0 
DIFFERENT  STRAIN  RATES  (l.ONGITURJNAI.  VIEW) 


Specimen  no. :  Jl-006 
Direction:  View  no.  3 
Magnification:  10CX 
Strain:  34.5% 

Strain  rate:  Static 


Specimen  no, :  Jl-012 
Direction:  View  no.  3 
Magnification:  1G0X 
Strain:  35 •  9$ 

Strain  rate:  3710  (1/sec. 


Specimen  no,:  Jl-009 
Direction;  View  no.  3 
Magnification:  100X 
Strain:  35*0% 

Strain  rate:  7010  (l/sec. 


FIGURE  124.  AS  FORGED  MICROSTRUCTURE  01  1.605  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES  (NORMAL  VIEW) 
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Specimen  no.:  Jl-009 
Direction:  Viov;  no.  4 
Magnification:  100X 
Strain:  3%0> 

Strain  rate:  7010  (l/sec.) 

Location  of  electron 

photomicrograph .  . 

(Figure  24) 


FIGURE  o 


AS  FORGED  MICROSTRUCTURE  OF  1 .605  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES.  (TRANSVERSE  VIEW) 


Specimen  no.:  Jl-006 
Direction:  View  nc.  5 
Magnif ic at ion :  1 OCX 
Strain:  34. 5 % 

Strain  rate:  Static 


Specimen  no, :  Jl-012 
Direction:  View  nc.  5 
Magnification:  100X 
Strain:  35.9% 

Strain  rate:  3710  (l/sec.) 


Specimen  no. :  Ji-r  <9 
Direction:  View  no.  5 
Magnification:  100X 
Strain:  35.0-% 

Strain  rate:  7010  (l/sec.) 


FIGURE  126.  AS  FORGED  MICROSTRUCTURE  OF  L605  AT  THREE  (3) 
DIFFERENT  STRAIN  RATES  (LONGITUDINAL  VIEW) 
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APPENDIX  VI 

DETAILED  DESCRIPTION  OF  EQUIPMENT 
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APPENDIX  VI 


DETAILED  DESCRIPTION  OF  EQUIPMENT 


Static  Upset 


Introduction 


Static  upset  tests  in  this  program  were  performed  using  conventional  hydrauuic 
presses  with  a  special  purpose  tool  to  act  as  a  load  spreader.  Although  all 
of  the  Phase  I  static  tests  were  conducted  using  this  equipment,  serious 
difficulties  were  encountered  in  attempting  elevated  temperature  upset  tests 
at  these  low  ram  speeds.  Severe  die  quenching  occurred  using  room  tempera¬ 
ture  dies  particularly  at  the  larger  deformations.  Heated  dies  proved  un¬ 
satisfactory  primarily  because  of  die  failure  at  temperatures  high  enough 
to  maintain  a  reasonably  constant  billet  temperature  during  upset.  Because  of 
this  tooling  problem  it  was  necessary  to  utilize  drop  hammer  equipment  for  the 
low  velocity,  elevated  temperature  tests  of  Phase  II. 

Equipment  for  Static  Upset 

All  Phase  I  static  testing  was  completed  using  presses  with  600,  1000  and  2500 
ton  capacities.  The  2500  ton  Lake  Erie  hydraulic  press  is  shown  in  Figure  127 
with  the  static  upset  tooling. 

This  tooling  was  designed  to  fulfill  three  functions.  The  first  function 
being  to  distribute  the  forces  over  the  press  platens.  This  was  accomplished 
using  load  spreaders,  illustrated  in  Figure  128.  The  second  function  was 
to  hold  hardened  anvils  or  die  inserts  that  could  be  easily  removed  for 
regrinding  in  the  event  of  surface  damage.  These  inserts,  illustrated  in 
Figure  129,  were  fabricated  from  4340  tool  steel  hardened  to  Rockwell  48-52 
and  ground  flat  to  a  surface  finish  on  the  order  of  RMS-20.  The  third  func¬ 
tion  was  to  help  the  press  operator  maintain  a  constant  strain  rate  during 
upset.  To  accomplish  this  a  special  deflection  gage.  Figure  130,  was 
constructed.  This  gage  was  also  useful  in  obtaining  the  required  amount 
of  upset  in  the  static  forging  of  bar  specimens  used  in  the  elevation  of 
mechanical  properties. 


Drop  Hammer  Upset  Forging 


Introduction 


The  use  of  the  drop  hammer  for  low  velocity,  elevated  temperature  testing  was 
dictated  because  of  severe  die  quenching  problems  encountered  using  a  hydraulic 
press.  This  equipment  was  required  to  establish  low  velocity  forgeability 
limits  using  cylindrical  billets  and  to  upset  bar  shape  specimens  for  tensile 
and  fatigue  testing  in  the  4  to  10  ft.  per  second  range  at  temperatures  from 
ambient  to  2000° F. 

Forging  Equipment 

The  test  set-up  illustrated  in  "Figure "131  consisted  of  a  special  forging  tool  used 
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in  a  single  action  Chambersburg  air  hammer.  The  upper  and  lower  insert  anvils  j 

are  held  in  a  hardened  4340  adapter  ring  by  set  screws.  Both  upper  and  lower  j 

rings  are  bolted  to  mild  steel  plates  that  act  as  load  spreaders.  The  upper 
plate  was  designed  with  the  maximum  allowable  overhang  mass  in  order  to  obtain 
a  maximum  energy  at  the  lowest  possible  ram  velocity.  Four  mild  steel  stop 
blocks,  adjustable  by  shims,  were  used  to  limit  the  travel  of  the  moving  ram. 

These  stop  blocks  were  used  only  for  the  bar  shape  specimens  where  a  precise 
amount  of  deformation  was  required. 

Ham  Velocity  Measurement 

The  velocity  of  the  moving  ram  was  measured  over  the  last  inch  of  travel  before 
impact  by  causing  an  electrical  circuit  to  be  completed  through  spaced  contracts. 

The  time  interval  for  the  ram  to  travel  one  inch  was  recorded  photographically 
from  an  oscilloscope  trace  as  shown  schematically  in  Figure  132. 


High  Velocity  Forging  Equipment 


Introduction 


The  room  temperature  tests  of  Phase  I  were  comparatively  simple  to  perform  from 
a  mechanical  standpoint  since  the  billets  could  be  located  in  position  on  the 
anvil  by  hand  well  in  advance  of  the  forging  operation.  For  elevated  temiera- 
ture  upsetting,  the  procedures  are  complicated  by  two  conditions.  First  the 
hot  billet  must  he  held  in  such  a  way  that  the  holding  mechanism  does  not  im¬ 
pose  restraints  that  might  change  the  data  and  second  the  billet  must  be 
transferred  from  the  furnace  and  forged  in  a  short  period  of  time  in  order  to 
minimize  the  effects  of  surface  cooling.  The  high  velocity  forging  equipment 
consists  of  a  high  pressure  gas  operated  projectile  accelerator  with  special 
billet  heating  and  handling  equipment,  operated  through  a  pre-programmed  re¬ 
mote  control  system. 

High  Velocity  Projectile  Gun 

The  basic  test  machine  consists  of  a  pressure  chamber,  quick  opening  valve, 
barrel,  and  a  fixed  anvil  assembly  as  shown  schematically  in  Figure  133.  Solenoid 
valves,  actuated  remotely,  provide  automatic  sequencing  of  the  projectile  re¬ 
turn  vacuum  system,  as  well  as  the  pressure  chamber  loading,  and  firing  func¬ 
tions.  This  portion  of  the  system  is  shown  in  Figures  133  and  134.  The  system 
also  provides  monitoring  for  unsafe  conditions  in  the  high  pressure  range.  Logic 
circuits  in  the  control  system  automically  stops  the  system  in  the  event  of 
operator  error  or  mechanical  mal-function  and  indicate,  by  lights  on  the  control 
panel,  the  source  of  the  mal-function. 

Heating  Equipment  For  Cylindrical  Forgeability  Specimens 

Two  furnaces  are  required  to  perform  forgeability  tests  on  the  cylindrical  and 
bar  shaped  billets.  A  small  commercial  muffle  furnace,  Thermolyne  Type  1500, 
is  used  for  preheating  billets  to  be  forged  at  the  higher  temperatures  in  order 
to  shorten  the  waiting  time.  The  specimen  temperature  is  raised  to  final  value 
in  a  special  furnace  designed  and  fabricated  as  a  part  of  the  billet  handling 
mechanism  as  shown  in  Figures  135  and  136.  A  complete  electrical  schematic 
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of  the  furnace  installation  is  shown  in  Figure  138. 

Billet  Handling  Mechanism 

The  test  billet  was  moved  from  the  final  heating  furnace  into  position  on  the 
anvil  in  two  operations.  During  the  final  heating  stage,  the  specimen  was 
held  under  a  light  spring  compression  between  two  rods  as  shown  in  Figure  139* 

As  soon  as  the  required  forging  temperature  was  reached,  the  billet  was  moved 
out  of  the  furnace  and  transferred  from  the  holding  rods  to  light  disposable 
spring  clips  attached  to  a  carriage  moving  normal  to  the  furnace  center  line 
which  moves  the  billet  into  forging  position.  The  complete  handling  mechanism 
is  shown  schematically  in  Figure  135-  Photographs  of  the  installation  and 
details  of  the  spring  clips  are  shown  in  Figure  137. 

Billet  Heating  and  Handling  Mechanism  for  Bar  Specimens 

The  bar  specimens  were  heated  in  a  separate  furnace  located  directly  above  the 
forging  anvil  and  dropped  into  position  from  the  furnace  several  seconds  prior 
to  impact.  The  equipment  for  performing  this  operation  is  shown  in  Figure  l40. 

Central  Control  System 

The  central  control  system  shown  in  Figures  l4l  and  142  is  a  versatile  design 
capable  of  patch  cord  programming  to  supply  110  VAC  power  to  15  actuation 
channels  in  any  sequence  desired.  Automatic  process  operation  is  obtained 
by  a  relay  logic  controlled  stepping  relay.  The  system  is  programmed  to 
step  through  a  sequence  of  actuations  conditionally,  comparing  the  actual  state 
of  the  system  at  each  step  with  the  program  required.  Lamps  on  the  lower  edge 
of  the  front  panel  indicate  which  actuators  are  operable  as  well  as  the  con¬ 
dition  of  the  limit  switches  associated  with  each  actuator.  The  vertical  row 
of  switches  and  lamps  provide  control  over  the  mode  of  operation  desired. 

Flexibility  of  programming  is  achieved  by  supplying  power  to  the  stepping  re¬ 
lay  logic  circuits  through  a  diode  matrix,  hence  any  one  of  the  26  positions 
on  the  stepping  relay  may  be  used  to  control  any  combination  of  actuators. 
Provision  is  made  for  holding  a  given  actuator  in  either  of  its  two  positions 
through  a  sequence  of  steps  during  which  oime  other  actuators  are  operated. 

If  desired,  a  mixed  automatic  and  manual  program  may  be  patched  to  provide 
automatic  operation  of  a  given  sequence  of  actuators  after  which  the  system 
holds  pending  a  manual  restart  by  the  operator.  This  is  particularly  useful 
when  a  visual  observation  is  required  in  the  process. 
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FIGURE  129.  TYPICAL  HARDENED  STEEL  DIE  INSERTS 
FOR  STATIC  UPSET  TESTS 
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FUTURE  132.  VELOCITY  MEASUREf-ENT  FOR  DROP 
HAMMER  FORGEABILITY  TESTS. 


3  > 

OrlO 

nJ  a  ■> 
>  >  S3 


o> 

p<  > 
t;  tH  r„' 

£l  >  S3 


S  , 

4J  O' 

V  > 

(m  HO 
Cl  !!j  V 
t  J  >  X3 


aj  H  CJ 


FIGURE  133.  PRESSURE  CHAMBER  VALVING  DIAGRAM 


FIGURE  134.  HIGH  PRESSURE  VALVING  AJLD  VACUUM  SYSTEM 


FIGURE  135-  SCHEMATIC  OF  AUTOMATIC  BILLET  LOADING  MECHANISM  FOR  FURNACE  HEATED  SPECIMENS 


FIGURE  136.  SPECIMEN  HOLDING  FIXTURE  FOR  ELEVATED  TEMPERATURE 


TESTING. 


FIGURE  137-  AUTOMATIC  LOADING  MECHANISM  FOR  ELEVATED  TEMPERA¬ 


TURE  TESTING. 


327 


110  VAC  110  VAC 


3  KW 

110  VAC 


Pre- 

Heat 

Furnace 


FIGURE  L38.  SCHEMATIC  OF  BILLET  KEATING  SYSTEM 
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FIGURE  139-  BILLET  IN  HEATING  POSITION 
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FIGURE  140,  BAR  UPSET  LOADING  MECHANISM 


APPENDIX  VII 


MEASUREMENT  AND  CALIBRATION  OF 
VELOCITY  OF  THE  COMPRESSED  GAS  GUN 


APPENDIX  v.T 


MEASUREMENT  AND  CALIBRATION  OF  MUEZLE 
VELOCITY  OF  THE  COMPRESSED  GAS  GUN 


The  projectile  impact  velocity  was  measured  using  a  Tektronic  type  535 
oscilloscope  and  C-12  camera.  The  velocity  was  calculated  from  variations 
in  the  scope  trace  produced  by  a  voltage  generated  in  two  magnetic  pickups 
mounted  in  the  barrel  as  shown  in  Figure  143. 


FIGURE  143.  INSTRUMENTATION  FOR  PROJECTILE  VELOCITY  MEASUREMENT 

The  scope,  set  for  single  sweep  interna11.’  triggered  operation,  is  triggered 
by  the  voltage  generated  as  the  leading  cage  of  the  forward  bearing  ring 
approaches  the  aft  pick-up.  A  voltage  peek  of  reverse  polarity  occurs  as 
the  aft  edge  of  the  forward  bearing  ring  leaves  the  pick-up.  The  pattern  is 
repeated  as  the  bearing  ring  passes  the  forward  pick-up.  Idealized  and 
actual  scope  traces  are  shown  in  Figure  l44.  The  projectile  velocity  is  then 
calculated  from  the  known  time  interval  (scope  sweep  rate)  for  a  point  on 
the  projectile  to  travel  a  measured  distance  between  the  magnetic  pick-ups. 


333 


Pressure  (psi  X  I0-2) 


(t>)  Actual 


Note : 


Points  A  k  B  occur  when  the  aft  edge  of  the  drive 
approximate  center  of  the  magnetic  pick-up. 


band  is  at  the 


IGUTw  1  ih .  TYPICAL  OSCILLOSCOPE  CURVE  FOR  MEASURING  PROJECTILE  VELOCITIES 


In  oraer  to  accelerate  the  testing,  projectile  velocities  for  most  of  the 
°  thiS  prografa  were  based  on  gas  chamber  pressure,  projectile  mas 
nd  the  equations  of  motion  for  the  gas  gun  parameters.  TMb  method  was 
%  checked  over  a  wide  range  of  parameters  and  fouifiTSS^e  well 
within  the  accuracy  limits  required.  Figure  H?  exhibits  the  close  agree¬ 
ment  between  calculated  and  experimental  velocities.  Figure  146  shn-"- 
muzzle  velocity  and  muzzle  energy  as  functions  of  gas  chamber  pressure" 
and  projectile  mass.  ^ 


Velocity  (ft/sec  X  10 ~2) 

FIGURE  .143.  EXPERIMENTAL  VERIFICATION  OF  ANALYTICALLY  PREDICTED  PROJECTILE 
VELOCITIES 
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